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Abstract 
The frost-resistance of concrete can be greatly enhanced by entrainment of small air bubbles in the 
cement paste.  When the volume and distribution of the entrained air is properly controlled, the 
microstructure is protected from pressure exerted by freezing water. ASTM C457 “Standard Test 
Method for Microscopical Determination of Parameters of the Air-Void System in Hardened 
Concrete” is widely used for measuring the air void system. This manually conducted 
measurement is tedious and time-consuming, so automated methods have been explored.  This 
study seeks to advance the technology for automating the measurement of air voids by using a 
flatbed scanner for image acquisition, applying new methods for segmenting the image, and using 
new ideas for the analysis of the image data.  
The cement paste is protected when an air bubble is close enough in proximity to relieve the stress 
created by freezing water. An ASTM C457 parameter – spacing factor – quantifies the proximity 
of paste to air bubbles in the microstructure.  This study shows that parameters derived from one-
dimensional measurements, such as the ASTM C457 method, or two-dimensional measurements, 
such as from images from flatbed scanner technology, can understate the true volume of paste 
protected by air voids during freeze-thaw cycles.  
A model developed in this study provides a statistical basis for inferring the true three-dimensional 
volume of protected paste from two-dimensional images. Based on statistics gathered from the 
two-dimensional scanned image, a method is developed to infer a true three-dimensional air-void 
distribution in hardened paste. Stereological principles and statistical concepts are introduced to 
establish a “conversion function” whereby the two-dimensional parameters can be used as input 
for a three-dimensional model. The quantity and sizes of air voids are characterized by the function, 
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assuming the spatial distribution is isotropic uniform random (IUR). A function is generated based 
on this relationship, and it is expected that paste located beyond a certain range is poorly protected 
and vulnerable during freeze-thaw cycles. Compared with 1-D and 2-D approaches, the new 
method offers a more realistic sense of the degree of paste protected by entrained air which is 
needed for research of the mechanics of freeze-thaw damage. 
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Chapter 1. Introduction 
Freeze-thaw attack is a common type of distress for concrete in the field. In the early 1930s, 
engineers noticed that some roads constructed in the Northeastern States exhibited relatively strong 
ability to resist frost attack. It was later demonstrated that this phenomenon should be attributed to 
the entrained air introduced by mixing efforts from the small particles originally used as grinding 
aids. The significance of the beneficial influence of air voids for concrete regarding the freeze-
thaw durability was more fully appreciated by researchers years later.  
Air voids in hardened concrete can be categorized as entrained air and entrapped air. Many 
entrained air bubbles that are uniformly distributed in the paste play a major role in making up the 
air-void system of the concrete. The entrained air serves the most important function of providing 
the concrete with a better freeze-thaw resistance, while the entrapped air voids are larger and not 
well distributed and therefore of less value for freeze-thaw protection. The air bubbles can store 
the water fed from the surrounding capillary pores that are connected to them when the 
surrounding paste is frozen, ice formation primarily takes place in the air voids so that the build-
up of internal pressure due to the freeze-thaw effect can be released or eliminated. In this way, the 
concrete is protected by the presence of the air voids. Therefore, air bubbles closely and evenly 
spaced throughout the entire matrix is vital for a good freeze-thaw resistance of concrete.  
To improve the air entrainment and make the concrete more durable, people began to use specially 
designed air entraining agents to make the entrained air achieve an appropriate size distribution 
and spacing in the entire mix. Due to the accessibility of the proper equipment and inherent 
complexity of the concrete itself, however, characterization of the air-void system in hardened 
concrete and explaining the mechanism of the protection of air voids has been a difficult challenge 
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for many years. Powers and his colleague first introduced the concept of spacing factor of air voids 
and tried using the hydraulic pressure theory to explain the freeze–thaw resistance of concrete [1]. 
Though Power’s theory is generally accepted, several refined theories have been suggested that 
better reconcile experimental observations with theory, such as those reported by Helmuth et al., 
Warris, Chatterji and Mielenz [2, 3].  
Currently, the common method used for measuring the air-void parameters in hardened concrete 
is the microscope-based method specified in the ASTM C457 “Standard Test Method for 
Microscopical Determination of Parameters of the Air-Void System in Hardened Concrete” [4]. 
The measurement is carried out along a series of straight line across the polished surface of the 
concrete. One needs to use specially designed optical equipment to measure the total traverse 
lengths of the three phases—air voids, paste, and aggregates—in the hardened concrete and record 
the number of traversed air voids during this process. Knowing the proportions of the three phases 
and the total number of the air voids, one can calculate the other parameters related to the air-void 
system, such as specific surface, void frequency, and spacing factor. However, this manually 
conducted measurement is a tedious and time-consuming job for the researcher and therefore quite 
expensive. Moreover, it is possible that the air-void system predicted by this method may not be 
very representative since this measurement is limited to one-dimension, while air-voids are 
actually distributed in a three-dimensional space in hardened concrete.  
After widespread adoption of the C457 method, efforts have been made by many researchers to 
simplify the manual counting so as to reduce the expense of time and labor. The basic idea is 
collecting the image of the polished surface of concrete specimens and accomplishing the counting 
work with the help of some specially designed devices. The image can be gathered either by the 
digital camera [5, 6, 7], or by the scanning electron microscope (SEM) [8]. However, these 
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methods still require heavy labor to distinguish different phases on the concrete surface. An 
automated method to separate those phases was proposed by Scott [9] and later by Peterson et al. 
[10]. In this method, the contrast between the air voids on the image and the background is 
enhanced by blackening the entire surface and filling the voids with white powder. This technique 
creates contrast between air void and paste, and makes it possible for computers to segment the air 
voids automatically based on the original image. Disadvantages of this method still exist. As it 
requires additional scans for the same specimen to further separate the phase of paste, registration 
of the specimen at exactly the same position is a necessity that requires careful workmanship. 
Failure to achieve the registration can make the analysis work difficult and jeopardize the accuracy, 
even for slight dislocations. In the paper published by Peterson et al., a flatbed scanner was 
suggested to collect the image and the results indicated this practice was very helpful for the 
purpose of the air-void analysis. This is also confirmed by the research works of other researchers 
[11, 12, 13, 14, 15, 16, 17]. In the following years, the use of the flatbed scanner was further 
affirmed and developed in several works done by Peterson and his colleagues [18, 19, 20 21]. 
Although the work load of the original ASTM C457 measurement has been significantly reduced 
by these innovations, the cost for gathering data and counting work is still considerable, with a 
high requirement for the workmanship.  
This study proposes advances in measuring the parameters of air-void system by scanning the 
polished surface only one time using a high-resolution commercial flatbed scanner. The surface is 
treated with phenolphthalein to pink the paste and then the voids on this surface are filled with 
orange high-brightness powder. Color tones are used to separate the phases using Photoshop and 
ImageJ. The color segregation and analysis for the three-phase image can be further automated 
with the help of Matlab. 
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The new method was validated by a “blind study” of six concrete samples provided by CTLGroup 
for which full ASTM C457 analysis had been conducted.  The blind study is the subject of Chapter 
3 of this thesis. Briefly, good agreement was shown except for two specimens containing 
lightweight aggregates. Evidence suggests that the two-dimension results are more accurate than 
those obtained from the traditional ASTM C457 method, mainly due to the fact that the data 
volume is hundreds of thousands times more for the same specimens. 
Additional improvements are achieved using two-dimensional images. Based on the statistics 
gathered from the two-dimensional measurements, a method is developed to further infer a true 
three-dimensional air-void distribution in hardened paste. Stereological principles and statistical 
concepts are introduced to build a “conversion function” so that the two-dimensional 
measurements can be used for the input data of the three-dimensional model. The quantity and 
sizes of air voids in each model are characterized by the calculated size distribution of air voids, 
while the spatial distribution of those air voids is isotropic uniform random (IUR). The degree of 
protection for paste as a function of the distance from the surface of air voids is retrieved from the 
model. It is expected that paste located beyond a certain range in this curve is poorly protected and 
vulnerable during freeze-thaw cycles. Results suggested by the protective curves of the test 
specimens basically agree with the parameters obtained from the ASTM C457 method, while it is 
also confirmed that the ASTM C457 results are possible to understate the degree of protection of 
concrete from a three-dimensional perspective. Compared with the existing parameters, this 
method can predict the degree of protection of the paste accurately, continuously and 
straightforwardly. The author believes this 3-D approach is necessary for research of the 
mechanics of freeze-thaw damage, and the new model may be a useful tool for utilizing 2-D images 
for 3-D analysis. 
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Chapter 2. Understanding the Air Voids Microscopically 
Compared with the explanations of the mechanism, the studies on microstructure of air voids, 
characterization of pores in concrete and other relevant topics come to the spotlight for the research 
works in recent decades. In the ASTM C457, several parameters are suggested for evaluating the 
air void system in the hardened concrete, such as spacing factor. However, it is found that those 
parameters cannot predict the freeze-thaw behavior of concrete precisely and the prediction is 
inherently unstable to some extent. It is the author’s view that a visit to the air voids from the 
physical aspect and especially getting a better understanding of the voids on microstructural level 
are very necessary. For instance example, understanding the upper and lower limits of the effective 
pore size for freeze-thaw resistance is critical to the evaluation of the effect of the air-void system 
in hardened concrete. 
Some existing knowledge related to the interest mentioned above is gonging to be reviewed in this 
chapter, including classification of the voids, microstructures of air pores in concrete, and water 
transportation in adjacent to the voids during freezing in hardened concrete. It is hoped that those 
review can be incorporated into this research so that a deeper learning of the relationship between 
the air voids and the freeze-thaw performance of concrete can be obtained. 
 
2.1 Voids in concrete 
In the hardened cement paste, voids are typically classified into four categories: gel pore, capillary 
pore, entrained air, and entrapped air. The range of the sizes for the four types of voids are 
illustrated in Figure 2.1 [22]. It can be seen that the gel pore is tiniest, sizing from 0.5 to 2.5 nm. 
The capillary pore is the second smallest void and it has a size up to 1 m. According to Figure 
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2.1, the entrained air is from 50 to 1000 m, while the lower boundary of this range can be 
underestimated, and there is no agreement on this issue.    
The gel pore has no relationship with strength and permeability of cementitious materials, since 
its size is too small to have an influence on those properties. However, the gel pore can affect the 
drying shrinkage and creep significantly. The capillary pore refers to the larger void that is not 
occupied by the solid phases of the hydration products of cement. Size of the capillary pore is 
mainly determined by the original distance between cement particles and the degree of hydration. 
In recent studies, capillary pores that are larger than 50 nm are also called macropores, which start 
to have an influence on the properties of strength and permeability, while those smaller than this 
size are called micropores and the function of that kind of voids are close to gel pores [22]. 
Compared with capillary pores, the entrained air voids are much larger, having a regular spherical 
shape in general. People often use air entrainments to introduce those voids into the concrete so as 
to achieve a better resistance to the frost attack. The entrapped air voids are larger than the 
entrained air and their shape are relatively irregular. Typically, the presence of entrapped air is not 
affected by the air entrainment and the number of the entrapped air is much smaller than that of 
the entrained air. Both of the entrained air and the entrapped air can influent the strength of 
concrete, especially the larger pores [22]. 
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Figure 2.1: Dimensional ranges of voids in hydrated cement paste [22]. 
 
2.2 Microstructure of the air voids 
The microstructure of air voids in early hydration stages has been studied by scanning electron 
microscope (SEM), with the specimen freeze dried in advance. This technique makes it possible 
for the observation of the concrete specimen at early ages, while damages induced by the water 
removal can be avoided. The specimen is typically kept frozen at -196°C by liquid nitrogen 
throughout the preparation and scanning steps so as to retain the original microstructural features 
during freezing. In 1991, Rushed et al. published a paper, in which a number of microstructural 
features of air void in concrete are discussed [2].  A typical air void in a fresh mix (5 min after 
hydration) is captured under secondary electron imaging mode of SEM, shown in Figure 2.2. 
Figure 2.3 shows another void in the same mix using backscattered electron imaging mode. 
Compared with the first one, one can get a sense of the cement particle size distribution around the 
air void from Figure 2.3. Many gaps are observed between the cement particles and no hydration 
products are found yet. On a closer look of the morphology of the inside in Figure 2.3, C-S-H is 
observed and cement presented as closely packed particles that are tiny in size. Due to the large 
8 
 
surface area of those cement particles and the small sizes, they tends to react fast and completely 
so that a shell will be formed in later age. As the hydration goes on, finer cement particles are 
largely agglomerated in the gaps, once been filled with water, between coarse cement particles, 
shown in Figure 2.4. It shows a mortar with an age of three hours. In this image, some hexagonal 
crystals, which are likely to be calcium hydroxide, are observed around an air void that is at the 
lower right.  Note that one of the crystals is grown in the water-filled space touching the shell of 
the air void.  
     
Figure 2.2: An air void in cement paste [2].                 Figure 2.3: Cement particles [2]. 
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Figure 2.4: Agglomeration of the fine cement particles [2]. 
In the hardened concrete, the air voids are not perfectly spherical. In addition, there are always 
some perforations on the wall of the air voids and it is found that some line structures often exist 
on the inner surface. An overview of an air void is given in Figure 2.5, and Figure 2.6 is a 
magnification of a part in Figure 2.5, showing that the lines mentioned above. Rushed et al. 
interpreted the existence of the lines as some thin crystals, penetrating the surface of air voids [2]. 
They made a preliminary conclusion that those crystals can grow thicker with the development of 
cement hydration. The authors infer that those lath-like crystals can be calcium hydroxide and the 
growth of calcium hydroxide forms a transition zone surround the air voids, which has an effect 
of releasing the stress concentration near the voids. Therefore, air voids may also have a layer of 
transitional zone, like the ITZ of aggregates. It is the author’s opinion that the water transportation 
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near the air voids is closely related to the thickness of this layer and this fact is important for the 
study of the air voids’ performance under frost attack.     
    
  Figure 2.5: Air void in hardened concrete [23].      Figure 2.6: Inner surface of air void [23]. 
As for the entrapped air, no obvious microstructure and morphology are obviously different from 
that of the entrained air. The same morphology for both of the two air voids indicates that they 
should have similar performance in the freezing process, while the function of air-entrainments is 
mainly related to the entrained air.  
 
2.3 Water transportation around the air void 
An important function of air voids in concrete is to restore the ice formed under the low 
temperature and release the pressure build-up induced by the freeze-thaw effect. Since water needs 
to travel to air voids from the surrounding paste during freezing, the characteristic of the water 
transport should be understand so as to study the role of air voids for the freeze-thaw performance 
of concrete.  
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The behavior of unsaturated air voids during freezing is of the biggest interesting. In general, water 
in larger voids can freeze first, without too much freezing point depression and then it comes to 
the water in small voids, as temperature further drops down. There is a tendency for water traveling 
to ice in the air voids in this process, which is caused by the formation of super saturated pore 
solution, due to the decrease of the chemical potential of the ice in the air voids and the increase 
of that in the solution. Thus the water in adjacent to the voids is driven to the air pores, which is 
called redistribution of water inside of concrete. In a recent research, the water transportation near 
the air voids are explored by several experiments and discussed based on some observations [23]. 
The behavior mentioned above is illustrated in this research, shown as a schematic by Figure 2.7. 
It can be seen that the reaction of concrete is classified into three freezing scenarios, depending on 
the moisture content of the concrete. In the first case, ice is just formed in the capillary pores, since 
the amount of water is so small that the mobility of the water is not high enough to reach the air 
voids. In the second case, the moisture content is 10-40% and the capillary pores are almost 
saturated. Thus the extra volume of the formed ice will be restored in the voids, which is commonly 
happened for most concrete. The critical degree of saturation refers to the point that all the capillary 
pores are saturated while the air voids are still in dry condition before freezing. The concrete is 
oversaturated in the third case.   
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Figure 2.7: Water distribution in air voids before and after freezing [24]. 
To observe the performance of air voids during freezing, Shinsaku used liquid nitrogen to create 
an environment with -15°C in a freezing chamber, in which the concrete specimen were left for 
three days [23]. Then, they are cut in the chamber so as to create a fresh cross-section for SEM 
study. A photo of the surface of air voids frozen at the critical moisture condition is recorded in 
his paper, shown in Figure 2.8. In Figure 2.8 (a), the larger pore in the center has only a thin layer 
of ice formed on its surface, but the degree of ice formation is obviously higher in the small pore 
at the upper-right of this image, which is correlated to the condition depicted by Figure 2.7 (b). 
Note that no water exists in those pores before freezing. Another observation is that no ice is found 
in the area highlighted by the circles in both of the images of Figure 2.8, where holes are found 
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behind which may be water channels on the surface of the air voids, since ice generated on the 
surface should come from the capillary pores surrounding the air void and the water channels have 
no capillary pores exist behind. Figure 2.8 also indicates that a hollow ice shell forms on the wall 
of air voids during the freezing, and the sphere will be easily fully occupied by ice if the size of 
the air voids is too small. As further water migration from the paste is prevented, the hydraulic 
pressure begins to accumulate thereafter. Therefore, the concrete with moisture contents lower 
than the critical threshold exhibits contraction during freezing, while shows expansion if the 
moisture content is much higher than that value. This further implies that the ability of air voids to 
protect concrete from freeze-thaw circulations can be largely limited by the moisture content of 
the concrete, because the water redistribution is harder to fulfill as the content becomes higher.   
 
Figure 2.8: Ice segregation in air voids of unsaturated concrete [23]. 
The air voids in concrete are not likely fully saturated by the water, since air bubbles are always 
entrapped in the voids as the moisture content goes up, as shown in Figure 2.7 (c). This fact is 
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captured by a cryo-SEM observation of a fresh surface of frozen concrete specimen, shown in 
Figure 2.9. It can be inferred that the air pressure in the entrapped air also makes a contribution to 
preventing the subsequent water migration, although the pore is still not fully saturated before 
freezing. As a conclusion, the ability of air voids to restore the water from the capillary pores 
cannot be simply evaluated by the air void content in concrete. 
 
Figure 2.9: Air entrapped in the ice [24]. 
In summary, the understanding of air voids and the interaction between them and the paste with 
regard to freeze-thaw resistance of concrete are still limited, especially on the microscopically 
level. Some important findings obtained by the researchers in recent years related to this topic are 
given follows: 
1. The dimensional ranges of voids in concrete cannot be clearly defined and the boundaries 
between different types of pores can be overlapping or disconnected, due to the gradual transitions 
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of those voids. Further study should be conducted to better differentiate the boundaries of those 
voids, especially the entrained air bubbles. 
2. The analysis of SEM images of air bubbles in concrete shows that a layer of paste and calcium 
hydroxide, appearing as lath-like crystal, and tiny perforations are commonly observed on the their 
inner surfaces as well. In addition, evidences indicate that hydration of cement grains can result in 
the formation of a hollow shell, while no research has focused on whether that kind of void can 
improve the durability of concrete. 
3. Water transport around the air voids is affected by the moisture content of the paste. Typically, 
air bubbles in concrete are not likely to be filled by water, even when the concrete is saturated. 
Thus, water can transport toward to open air bubbles under the freezing conditions. In addition, 
the air bubbles are not fully occupied by ice after being frozen.   
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Chapter 3.Advances in Measuring Air-Void Parameters                                     
in Hardened Concrete 
Entrained air bubbles distributed evenly and closely enough can improve the freeze-thaw 
resistance of concrete. Parameters that characterize the air-void system in hardened concrete are 
traditionally evaluated by the ASTM C457 test method. Although parameters could be determined 
microscopically by measuring traverse lengths of air voids, paste, and aggregates along straight 
lines across the polished surface of the concrete specimen, the manually conducted measurement 
is tedious, time consuming, and expensive. An automated method is proposed to collect the image 
of the polished surface using a flatbed scanner, and the treated surface with phenolphthalein and 
orange high brightness powder needs to be scanned only once. The scanned image is processed 
with ImageJ, Photoshop, and Matlab, so as to separate the phases of aggregates, paste, and air 
voids and determine the ASTM C457 parameters of air-void system automatically.  
A careful comparison of results from ASTM C457 and the new method was accomplished through 
a “blind study” using samples contributed by CTLGroup that had been previously evaluated by 
the ASTM C457 method. A good agreement between the two methods was shown except for the 
concrete materials containing lightweight aggregates. 
 
3.1 Materials and sample preparation 
Six different concrete materials were provided by CTLGroup for this study. The materials were 
selected to provide a diverse range of air content and mixture characteristics. These samples were 
labeled Group A to Group E. For each group, two thin squared slices, with side lengths equal to 
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2.5 inches (50mm), were prepared for scanning. After the first scan, Groups A, B, E, and F were 
scanned another time so as to extend the data. The reason for the absence of groups C and D was 
that the presence of lightweight aggregate made the images difficult to analyze. 
The sample polishing process was accomplished by a lapping wheel, ASW-1800, which provided 
high-speed abrasion and water cooling during the work. A wood frame with rollers was made to 
achieve free rotation of samples during polishing. The polishing method basically followed the 
procedure described by the ASTM C457 report, while the samples were polished by four diamond 
discs, with increasing grits of 60, 100, 180, and 260. The whole polishing process took about 1.5 
hours. Although the 260-grit disc could not provide a surface as smooth as mentioned in the ASTM 
C457 report, previous test results verified that the smoothness of the polished concrete was good 
enough and that the tiny scratches on the aggregate would not jeopardize the image quality. 
Additionally, lacquer was sprayed on the concrete surfaces before polishing to protect the air 
void’s edge from damage. After the polishing, the surfaces were immersed in pure acetone for 
about 5 min to dissolve the lacquer from the voids. 
After polishing, the surfaces of these samples were dried under a low-intensity air flow generated 
by an air gun and then treated with a 1% phenolphthalein solution sprayed on the surfaces. After 
retaining the solution 1 min, the surfaces were rinsed with alcohol so that the excess solution was 
removed, and the samples were dried again with an air gun. Later on, high brightness orange chalk 
powder was placed on the surfaces and forced into all of the voids. After this step, the excess 
powder was removed by carefully running a sharp blade over the surface.  
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3.2 Analysis procedures 
The samples, now ready for scanning, were placed on the table of the scanner with care taken to 
avoid dropping the powder out of the voids. The scanning was completed with a Canon CanoScan 
9000F flatbed scanner. It had the highest resolution of 4,800 dpi, which means 5.3 µm per pixel. 
To get this resolution, the image was limited to a maximum area of 50 by 50 mm and image size 
is about 255 MB. Scanning time is about 2 min in total.  
For image processing, every pixel in these images was identified as air, aggregates, or paste so that 
the converted images contained only three phases. Photoshop was employed to create an 8-bit 
image with three phases including air voids in white, aggregate in black, and paste in 50% grey. 
Due to the high brightness and the color of the powder, the first phase, air voids, could be easily 
picked up by setting a fixed threshold in the histogram. The aggregates could be highlighted by 
adjusting channel mixer so that the second phase was then located. And, thus, the remaining areas 
of the image should be paste phase. The 8-bit, three-phase images were created with “air-voids” 
in white (255), “aggregates” in black (0), and “paste” in 50% grey (128). A sample of the original 
scan and the three-phase image is shown in Figure 3.1. ImageJ was used to fill in the holes, 
representing the voids in the aggregates, during the creation of the 8-bit image. Subsequently, the 
three-phase image was analyzed by a MatLab program for automated counting and the resulting 
parameters of the air-void system according to the ASTM C457 were written into an Excel 
spreadsheet. The Matlab code is given in Appendix A. 
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(a)                                                                         (b) 
     
(c)                                                                      (d) 
Figure 3.1: Original scan of a sample (a);  
 Three-phase image of the original scan (b); 
 Magnification of the lower left corner of the original scan (c);  
 Magnification of the lower left corner of the three-phase image (d). 
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By analyzing the three-phase images, the two-dimensional information of the air-void system, such 
as spacing and sizing, can be used to calculate the parameters specified in the ASTM C457. In this 
interpretation, each three-phase image was traversed 94 times along straight lines that are evenly 
distributed across the whole section. This practice gives a total traverse length of 370 inches 
(9,250mm) for Groups A, B, E, and F, and 185 inches (4,625mm) for Groups C and D, which are 
about four and two times more than the minimal requirement, respectively. Note that the total 
examined areas for A, B, E, and F, are 16 in2, since four different scans were collected for each of 
them.   
 
3.3 Results 
All the scanned images of the six groups of samples, 20 samples in total, were processed following 
the procedure described above. The test results from the new method and the reference values 
provided by the CTLGroup are given in Table 3.1. The three-phase image for each scan is attached 
in Appendix B. 
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Table 3.1: Test results and references from the CTLGroup. 
Sample Case 
Paste 
[%] 
Air 
[%] 
Chord 
length 
[in.] 
Paste-
air ratio 
Specific 
surface 
Voids 
per 
inch 
Spacing 
factor 
A 
A1 31.37  6.87  0.0053  4.57  749.3  12.87  0.0059  
A2 29.87  8.97  0.0060  3.33  664.0  14.89  0.0050  
A3 34.72  8.19  0.0055  4.24  732.6  15.01  0.0058  
A4 35.82  6.95  0.0060  5.15  665.0  11.56  0.0071  
CTL 30.60  7.83  0.0082  3.90  487.0  9.53  0.0080  
B 
B1 29.75  6.56  0.0058  4.53  691.7  11.35  0.0064  
B2 34.33  7.97  0.0061  4.31  651.3  12.98  0.0066  
B3 41.59  7.20  0.0058  5.78  692.7  12.46  0.0071  
B4 40.02  6.12  0.0057  6.54  698.1  10.67  0.0075  
CTL 28.40  7.92  0.0071  3.59  566.9  11.22  0.0063  
C 
C1 28.07  
13.7
5  
0.0102  2.04  391.8  13.47  0.0052  
C2 23.34  
20.1
3  
0.0124  1.30  352.8  16.70  0.0037  
CTL 28.00  
11.6
3  
0.0081  2.40  494.6  14.39  0.0049  
D 
D1 45.75  
36.3
8  
0.0129  1.26  310.7  28.25  0.0040  
D2 34.27  
40.8
4  
0.0136  0.84  295.0  30.12  0.0028  
CTL 40.90  8.88  0.0059  4.60  674.4  14.97  0.0066  
E 
E1 28.25  6.57  0.0046  4.30  879.0  14.45  0.0049  
E2 34.76  3.56  0.0037  9.76  1071.5  9.54  0.0059  
E3 35.21  4.78  0.0039  7.36  1030.6  12.32  0.0054  
E4 32.05  5.26  0.0048  6.09  839.9  11.04  0.0060  
CTL 28.77  4.45  0.0045  6.46  881.0  9.80  0.0059  
F 
F1 21.84  6.22  0.0027  3.51  1462.2  22.74  0.0024  
F2 29.38  8.88  0.0047  3.31  858.8  19.07  0.0039  
F3 30.71  4.30  0.0037  7.14  1081.8  11.63  0.0050  
F4 39.22  6.01  0.0038  6.53  1053.7  15.82  0.0050  
CTL 24.69  5.22  0.0039  4.73  1022.5  13.33  0.0044  
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3.4 Interpretation of the test results 
Comparisons of the air content and the paste content are shown in Figure 3.2 and 3.3, respectively. 
It can be seen that the results obtained from the new flatbed scanner method are very close to the 
reference values from the CTLGroup, obtained by the ASTM C457 method. For the paste content, 
the reference values of Groups A, C, D, E, and F fall between the two measured values from the 
two samples of each group, while the reference paste content of Group B, 28.4%, is close to one 
of the measured values, 29.8%, as well. For the air content, the measured values of Groups A, B, 
E, and F are close to their references. The maximum difference is less than one percent. On the 
other hand, the measured air contents of Group C are more than half of the reference on average, 
while those of Group D are even four times higher than the reference. Note that these two concretes 
contain lightweight aggregate (LWA) so that their air content is much higher than that in standard 
mixes. In addition, there are many voids in the LWA of the Group D concrete, which makes it hard 
to distinguish the air voids embedded in the paste and that in the LWA. This phenomenon explains 
the remarkable difference of the air content in Group D.  
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Figure 3.2: Comparison of the paste content. 
 
 
Figure 3.3: Comparison of the air content. 
The differences between the measurements and the references of the chord length, the specific 
surface, and the spacing factor are highly related to the total number of air-voids counted during 
the measurement. If the air content and the paste content do not change, a higher air-void number 
makes the chord length shorter, the specific surface larger, and the spacing factor lower. According 
0
10
20
30
40
50
A1 A2 A3 A4CTL B1 B2 B3 B4CTL C1 C2CTL D1 D2CTL E1 E2 E3 E4CTL F1 F2 F3 F4 CTL
P
as
te
 [
%
]
0
10
20
30
40
50
A1 A2 A3 A4CTL B1 B2 B3 B4CTL C1 C2CTL D1 D2CTL E1 E2 E3 E4CTL F1 F2 F3 F4 CTL
A
ir
vo
id
 [
%
}
24 
 
to Table 3.1, comparisons of the chord length, the specific surface and the spacing factor, are made 
and provided in Figure 3.4, 3.5 and 3.6, respectively. In these figures, the measured values of each 
group are provided first and the last values are the references from CTLGroup. It can be primarily 
concluded that, except for Groups C and D, the measured values are basically in line with the 
references. Differences in Group E are the smallest: “E1” is nearly the same as “CTL” in the chord 
length and the spacing factor, while “E2” is very close to the reference value in the specific surface. 
The second biggest agreements are in Group B, where some small differences are observed. For 
Groups A and F, the differences are greater, with the differences between the average measured 
value and the references at around 30%, while the smallest difference is less than 5%, for the chord 
length in Group A. As for Groups C and D, the differences are as high as 50%. Considering the 
high air content and the LWAs in these concretes, the current method of interpretation is not 
necessarily applicable and the parameters may be better obtained by some other approaches.  
 
Figure 3.4: Comparison of the chord lengths. 
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Figure 3.5: Comparison of the specific surfaces. 
 
 
  Figure 3.6: Comparison of the spacing factors. 
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Chapter 4. Sensitivity Analysis of the Flatbed Scanner Method 
To gain more confidence of the flatbed scanner method and improve the validity of the results 
generated by it, potential bias encountered with this method will be discussed in this chapter. It is 
hoped that this analysis can guide tests related to the flatbed scanner method so that the accuracy 
of the measurements can be improved, or at least one can get a better understanding of how the 
bias affect the test results. After that, sensitivity analysis is conducted to verify the stability, 
validity, and representativeness of the advanced method. 
   
4.1. Sources of bias 
The differences of the measured values within each group of sample are related to the limited 
scanning areas of these samples and to the maximum aggregate sizes of the concrete samples. For 
example, the maximum aggregate size is relatively large in Groups E and F, so the air content and 
the phase content are more variable in comparison to the other samples. When there are some large 
aggregates presented in the small scanned photos, the sampling area of paste content and air 
content will be smaller and more variable. Therefore, it is expected that the variability of the test 
results can be simply reduced when the total scanned area becomes larger.   
Although the air voids can be identified precisely by this new method, the precision of the 
segmentation of aggregate and paste phases is more challenging. An example reflecting this 
problem is shown in Figure 4.1. Figure 4.1 (a) is a section from a scanned photo, magnified by 16 
times. Figure 4.1 (b) is the corresponding area of that part in the three-phase image. The evident 
problem existing in the three-phase image is that the boundaries of the aggregates are not as smooth 
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as they should be in reality. This is caused by the recognition mechanism of the new measuring 
method, which is based on the color of each pixel. It can also be seen that the aggregate boundaries 
are relatively fuzzy at high resolutions, since these boundary areas can very easily be stained pink 
from the chemical reaction of the phenolphthalein, the color in these areas is typically neither the 
color of the aggregate, nor that of the pink paste. In addition, the boundary identification is also 
limited by the highest resolution of the scanner.  
  
(a) 
 
(b) 
Figure 4.1: Original scan (a); three-phase image (b). 
Another bias in identifying the aggregates comes from the identification of fine aggregates in the 
concrete. Under high resolution, it is hard to identify the fine aggregates by their color. This is 
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partially because a large number of fine aggregates are transparent, which leaves many blurred 
zones in the scanned photo. Additionally, they are even more easily stained than the boundaries of 
the coarser aggregates. At the same time, the large variation in the fine aggregate’s color 
contributes to the difficulty of identifying the fine aggregate as well.        
However, the two error sources discussed above may not cause much bias on a macro level. In the 
other words, parameters related to the air-void system of the concrete may not be affected by these 
problems macroscopically, since these values are gathered statistically from the whole scanned 
image. Tiny changes of the local phase identification will not necessarily make an impact on the 
test results, such as the air content. The test results of the new flatbed scanner method verify that 
the new method can provide very reasonable information regarding the air-void system in the 
concrete. 
 
4.2 Sensitivity analysis 
The new method uses a single flatbed scanner image for each sample. Thus, the total time for the 
sample preparation and the processing work can be condensed to 2 hours, remarkably less time 
than required for the method described in the ASTM C457. In the current study, orange high-
brightness powder is used to replace the white powder used by previous researchers. Due to this 
high-brightness orange, the air voids can be distinguished from the background easily and 
accurately.  
Although this method seems to greatly improve on previous techniques, it is still important to 
determine the sensitivity of the new method’s response to changes in some parameters (e.g., color 
of the powder, refilling) in order to understand the effectiveness of this new method. To get more 
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representative results reflecting the air-void system in concrete, it is important to know which 
factors affect the accuracy of this method and then optimize this method so as to better analyze 
complex air-void systems.  
Selecting the appropriate color powder is critical for this color-based image analysis, since the 
automatic recognition of this method highly relies on the segregation of colors in the scanned 
image. The purpose of this check is to find correlations between different colors and results, and 
to optimize the selection of color powder in order to improve the quality of the scanned image and 
minimize potential misinterpretations of the test result due to poor color choice. Different colors 
have different locations on a histogram of an image. Accordingly, there will be a peak appearing 
on the histogram if a color is clearly distinguishable from the background of an image. Several 
factors control the identification of a color peak: sharpness, contrast, and degree of overlapping 
with other colors. The sharpness of a color peak is related to the purity of this color. For instance, 
a green peak made up of pure dark green is sharper and narrower than one made of moss green, 
emerald green, or olive green. The recognition of a peak is also affected by the contrast between 
it and the background. In general, an image will be fuzzy and more monotone when its contrast is 
low, or vice versa. If the locations of two colors are too close, there will be some overlap at the 
bottom of their peaks in histogram as well. In such a case, the two colors are hard to separate 
successfully  
Three different color powders—blue, green, and orange—that are commonly available in hardware 
shops were prepared for a color sensitivity check. A concrete sample was used for all the scanning 
in this study so that the only variable here would be the color of the powders. To minimize other 
possible influences from hardware aspects, the sample was placed on the flatbed scanner with 
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extreme caution and not moved on the glass bed to ensure an identical position for each scan. The 
same precaution was taken regarding scan direction. 
Based on a visual inspection, the blue powder provides the best contrast and it seems that the 
coarse aggregates are colored by the other powders. However, it is shown that the orange powder 
should give the best result by checking the histograms of these three images, as shown in Figure 
4.2. The corresponding peaks of the color powders have been highlighted by dashed lines in each 
of the three histograms. The peaks of the three colors have different positions and shapes in the 
histogram, as well as their intensities. Note that the peak in Figure4.2 (c) is so sharp that one can 
only observe a straight line at right end of the histogram. It can be seen that the sample filled by 
orange powder has the sharpest peak, which is also the greatest among the three, implying that the 
orange powder can provide an outstanding contrast to the air void it occupies.   
            
(a)                                                 (b)                                                 (c) 
Figure 4.2: Histograms when using green powder (a); blue powder (b); orange powder (c). 
A comparison between the original image and that given by the blue and orange powders under 
high magnification also verifies the effectiveness of the orange powder. The comparison is shown 
in Figure 4.3, in which the blue color represents the result interpreted from the sample of blue 
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powder, while the orange color is that of the orange powder. It can be seen that the result given by 
the orange powder is much more satisfactory. The air-voids in the original image are well described 
by the orange color, but the blue color fails to cover the boundaries of the air-voids. In addition, 
many small air-voids are missed in the image of the blue powder, which can bring an assignable 
bias to the interpretation. It seems that the orange powder is the best choice due to advantages 
regarding geometric aspects of the color peak and its high contrast compared to the blue and green 
powders. The outstanding performance of the orange powder may come from its high-brightness, 
though the green powder also has this property to some extent. To get a deeper understanding of 
this issue, more detailed study is necessary, but that is outside the scope of this study.  
     
Figure 4.3: Comparison between the air-void interpretations. 
To further verify the validity of this test method, several additional tests were also conducted. First, 
the same area on a concrete sample was scanned three times so as to check the consistency of the 
scan from time to time. In this check, the orange color powder was removed with the air flow of 
an air gun after each scan and refilled again with care. In other words, the sample was not simply 
scanned three times. If the test results would not agree with each other very well, it would reveal 
that this method was problematic, since the results would not be inherently stable. In the second 
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test, the same concrete sample was scanned twice and rotated 90o for the second scan, while the 
scanned area, a two by two inches square, was kept the same. To differentiate this test from the 
consistency check, no powder removal and refilling was performed at this time. The purpose of 
this check was to understand the effects of rotation and to thus find any potential bias caused by 
the scanning direction of the flatbed scanner.  
From the results of the first check, the air content percentages in the paste are 8.02%, 8.21%, and 
8.17%, which verifies that the results are quite stable and therefore the consistency is satisfactory 
for the purpose of the air-void analysis. As for the rotation check, the results of the air-void content 
are 8.02% and 7.90%. No obvious difference is seen and the influence from scan direction, if it 
does exist, should be negligible. However, it needs to be stressed that the sample should be scanned 
within 2 hours after the phenolphthalein treatment. It is noticed that some concrete samples are 
sensitive to longer-term exposure to the open air and the pink color may begin to fade after a couple 
of hours, though the pink color on some samples can last more than a month. Lastly, the 
carbonation of concrete can make the interpretation process of the scanned images very difficult 
and rather time-consuming.  
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Chapter 5. Interpretation of the Scanned Images on a 2-D Level 
To this point in the thesis, the ASTM C457 method has been held up as a reference method for the 
evaluation of various new techniques. As the task of ASTM C457 method is mainly counting 
through a series of straight lines across the well-polished surface of hardened concretes, the 
measurement is essentially a 1-D approach. Theoretically, the basic results of ASTM C457 method, 
such as volume fraction of air voids, should be the equivalents to the corresponding parameters in 
3-D level. ASTM C457 addresses precision and reliability by requiring a minimum traverse length 
and a minimum area of concrete surface, but practitioners commonly lament that the ASTM C457 
test results may vary within rather a wide range because materials and workmanship are variable 
[12, 26]. It can be expected that simply extending the minimum traverse length may not be 
adequate for perfecting the accuracy of the air-void analysis. Therefore, conducting the analysis 
based on the 2-D scanned image, and even on a 3-D level, should be rather attractive and is key 
motivation of this research work, to achieve an inherently more representative analysis than 
possible using one-dimensional data as required by ASTM C457.  
The flatbed scanner generates a large 2-D scanned image, and creates the opportunity of evaluating 
the air-void system in hardened concrete from 2-D or 3-D perspectives. Several new parameters 
are proposed by this study. Some parameters can improve metrics for the air-void system 
measurement, while the others contribute to a deeper understanding the bubble distribution in 
hardened concrete and its influencing factors from a new perspective. Those parameters will be 
discussed in the following parts of this chapter. 
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5.1. Two–dimensional volume fractions 
In ASTM C457, volume fractions for air and paste are two major parameters used for the 
evaluation of the air-void system. It can be expected that the accuracy of the analysis improves as 
the total traverse length becomes larger. Indeed, the accumulation of traverse length is equal to 
increasing the percentage of the scanned area on a two-dimensional image. For a certain concrete 
surface, the accuracy of the prediction for volume fractions is highest when the traversed line fully 
covers the surface. It is hard to achieve such a high accuracy for the ASTM C457 method, even 
for a small area. Although minimum traverse length is specified in the ASTM C457 to ensure an 
acceptable accuracy, it requires long time and considerable labor, and high workmanship to 
conduct the test. In addition, these investigations are proportional to the total traversed length, if 
one wants to achieve higher accuracy. However, this huge workload can be done instantly and the 
accuracy will be highest if the volume fractions are analyzed based on area fractions in the three-
phase image, since it equals to the situation that the traverse line fully covers the area of interested, 
while the counting work is done by computers.  
Having three-phase image available, one can easily get the accurate two-dimensional area fractions 
of each phase of concrete specimen, which are better substitutions for the one–dimensional volume 
fraction parameters. A comparison between these two parameters for the CTL samples (group A, 
B, E, and F) is given below in Figure 5.1. Detailed test results for the air void fraction can be found 
in Appendix C, Table C.1. It can be seen that the test results from two-dimensional three-phase 
images are lower than the one-dimensional results for group A and D, while higher for group E 
and F. The differences range from 0.4% to 1.2% in this case. This fact reflects that differences do 
exist between the one-dimensional measurement—ASTM C457 method—and the results 
interpreted from the three-phase images. All the averaged volume fractions of each phase for each 
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sample are listed in Table 5.1. With this information, we can get a rough estimation of the freeze-
thaw performance of the concrete and other properties, such as abrasion resistance. Though the air 
void content has an indirect contribution to the freeze-thaw resistance of concretes, a high air void 
content does not necessarily results in a good resistance. For instance, samples from group A have 
the highest air void fraction on average, but the averaged spacing factor measured by the advanced 
method indicates the freeze-thaw performance is the third among group A, B, E, and F.  This point 
will be developed in details later in this chapter. 
 
Figure 5.1: A comparison between air void fractions from the two methods. 
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Table 5.1: Volume fractions of the three phases. 
Phase Volume Fraction [%] 
A B E F 
Air 7.68 6.95 5.09 6.25 
Paste 32.90 35.47 32.51 30.28 
Aggregate 59.42 57.58 62.40 63.47 
 
5.2 Air-void size distribution in concrete 
Previously, it has been explained that more detailed information of air-void system of the tested 
concrete can be retrieved form the three-phase image using the advanced method. In the Image J, 
the output analysis result from the “Analyze Particles” function provide information about area 
and coordinate of each individual “particle” in the image. The results are provided in the form of 
excel form, and an example is shown in Figure 5.2. 
 
Figure 5.2: Results for the Image J. 
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As one can count the total number of circles that belong to certain size easily using the Excel, all 
the circles in a three-phase image are classified by their sizes in the analysis. As discussed above, 
it is assumed that all the circles of air voids in the three-phase image are treated as perfect circles. 
Now that the areas of the circles are available, one can obtain their radiuses or diameters as well. 
In this analysis, the circles are classified by the diameter and the range is form 0 to 1000. For the 
number of small circles is much larger than that of large particles, a 50 μm graduation is set in 
addition to the 100-μm intervals. Circles of diameters greater than 1000 μm are categorized into 
the 1000 μm section so that the oversized circles will not be omitted during the counting. Note that 
these large circles have a much more significant influence on the air void content and the neglect 
of those air voids typically leads to an underestimation of the content, which further results in a 
big bias for the subsequent analyzing and modeling work. A scrutiny on the test results indicates 
that this practice of classification is a simple, yet effective, way to present the size distribution. In 
fact, there are only a few large circles in a 50000×50000 μm three-phase image and the actual sizes 
of them are not highly in excess of the upper limit, 1000 μm. 
Each set of data in group A, B, E and F, was classified according to the method described above 
and the relationships between the size and percentage of total area of air voids are plotted. The 
plots are given in Figure 5.3 to Figure 5.6. The detailed data for each group of samples is attached 
at Appendix C, Table C.2. The reason they are not expressed as a relationship between size and 
number of voids is that it makes the curve too sharp to characterize and compare, since the number 
of voids increases exponentially from 1000μm to 0. Besides, it is found that, even for the same 
group of samples, different samples have different number of voids and the difference can be 
noticeably large. Though the plots for the same group share a similar trend in general, it can be 
seen that even samples from the same group maybe different considerably, such as the plots for 
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group B. Among the four groups, group A and F have four plots close to each other. This fact 
shows each three-phase image has its own uniqueness. Therefore, there is a potential bias to 
analyze the air-void system in concrete based on single images. To avoid this problem, a larger 
scanned area should be helpful. The relationship between data deviation and scale of scanning has 
not been explored, for the original data are is limited on the same size.  
 
Figure 5.3: Air voids distribution of group A. 
 
0
10
20
30
40
50
60
70
80
90
100
0 50 100 200 300 400 500 600 700 800 900 1000
P
er
ce
n
ta
ge
 [
%
]
Diameter of air void [μm]
A1
A2
A3
A4
39 
 
 
Figure 5.4: Air voids distribution of group B. 
 
 
Figure 5.5: Air voids distribution of group E. 
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Figure 5.6: Air voids distribution of group F. 
In this study, each four data for the same group of sample is averaged to overcome the potential 
bias explained in the last paragraph. A comparison of the plots for the four group of samples is 
provided in Figure 5.7. In this graph, all the four curves start from 0%, keeping increasing as the 
diameter of the air void goes up, and end up with 100% at 1000 μm. The slope at each point of the 
curve is directly related to the distribution of air voids at that range. A sharp jump suggests that 
the number of voids increase dramatically at that point, vice versa. In this figure, the plot for sample 
A, shown as the blue curve, increases gradually at the beginning and goes up swiftly in the middle 
part from 100 μm to 600 μm, but the increment slows down again after that. For sample B, the 
increment at the beginning (from 0 to 300 μm) is bigger than sample A, but the slope becomes 
increasingly smooth later. Note that there is a sudden jump at the end of the curve B, which implies 
the voids larger than 1000 μm are significantly more than the other samples. The curves of sample 
E and F very similar, and their trends like the curve for sample B in general. However, curve E 
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and curve F increase dramatically for the first half, but rises gradually slowly for the second part. 
It can be interpreted that sample E and F have much more tiny voids than the other two, which 
further suggests that they may have better freeze-thaw resistance, since smaller air voids typically 
distribute more evenly and closely in the entire matrix of concrete. Test results of spacing factor 
and three-dimensional air-void protection are in coincidence with this interpretation, which will 
be developed in detail later in this thesis. Details of the averaged data can be found at Appendix 
C, Table C.3.        
 
Figure 5.7: A comparison of size distributions of the air voids in the four groups of CTL 
samples. 
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5.3 Protected paste on a two-dimensional level 
It is widely accepted that the paste located within a range of 200 to 250 μm from the surface of an 
air void is the upper limit that the paste is protected by air voids during freeze-thaw circulations. 
Though this is a three-dimensional concept, the effect of protection has not been visualized in any 
form. Thus, it is worth trying to present the distribution of the area that falls into the range of 
protection of air voids on a two-dimensional level. The three-phase image obtained from the 
advanced flatbed scanner method provides the researchers a new perspective to observe the 
protected paste distributes throughout the surface of concrete specimens.  
In this study, the proximity for the paste to air voids are defined by the distance between the pixel 
of paste and the air void that is closest to it. Due to the resolution of the three-phase image, the 
distance grows by a minimal interval of about 5.3 μm, which is the dimension of a single pixel. 
Hence, the distances are classified into ten categories, with an increment of approximately 21μm 
for each of them. Pixels of the paste located at the outside of the suggested distance, 200μm, are 
regarded as the poorly protected paste. Based on the data collected from the processed three-phase 
images, the percent of paste that is under the certain range of the protection is computed and the 
results of each specimen of the four groups of samples can be found in Appendix C, Table C.4. 
The data for each group of samples are plotted out, as a function of distance from the surface, as 
shown in Figure 5.8 to Figure 5.11. According to the processed images, the maximum deviations 
of these curves are slightly higher than ten percent at the end. The curves for the same group of 
sample basically follow a similar tendency, where the curves of sample A and B are close to linear, 
while those of sample E and F route as an “S” shaped path. 
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Figure 5.8: Paste under protection, two-dimensionally, sample A. 
 
 
Figure 5.9: Paste under protection, two-dimensionally, sample B. 
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Figure 5.10: Paste under protection, two-dimensionally, sample E. 
 
 
Figure 5.11: Paste under protection, two-dimensionally, sample F. 
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The curves shown above are averaged so as to yield one curve for each sample, given by Figure 
5.12. This figure shows that the curves for sample A and B highly overlap with each other and 
implies that four fifths of the paste is protected by the air voids. Sample F is clearly better protected 
than A and B, as its curve ends up with approximately 95% of protection. The curve of sample E 
falls in between, with 90% protected paste in maximum. Note that the shape of the curves for 
sample E and F is evidently different from those of A and B. The higher percentages of protected 
paste imply that air voids in sample E and F are better entrained during mixing. This conclusion is 
in line with the result from the ASTM C457 results, as the spacing factors indicate the air voids in 
sample E and F are closer. However, the results of this two-dimensional analysis of the protected 
paste provides an evaluation of the air-void system that is much better than the ASTM C457 results, 
in terms of quality, analyzability, and data volume. These results will be further analyzed in 
Chapter 6, as a comparison for similar results obtained three-dimensionally.  
 
Figure 5.12: A comparison of the protected paste for the four group of samples. 
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5.4 Mean spacing 
Several mechanisms about the function of air voids to prevent the concrete from freeze-thaw attack 
by releasing the pressure build-up during this process have been discussed at the beginning of this 
thesis. It would be run off the track to expend the discussion on this point in details, and there is 
no agreement on how the concrete is protected by air voids essentially. The underlying theory 
maybe complex and several mechanisms could work together to make the concrete protected 
during the low temperature cycles, but it is well known that the extent of freeze-thaw resistance is 
closely related to the distribution throughout the cement matrix in concrete. In case that a concrete 
has its air voids dispersed evenly and closely, a good resistance can be expected. Thus, the concept 
of spacing is introduced to the evaluation of air-void system and it has become one of the most 
important parameter, such as in ASTM C457, to characterize the air-void distribution in concrete. 
This one-dimensional factor is defined as half distance between the surfaces of two air voids in 
adjacent, which represents the longest distance possible for water to reach the safe area, air voids, 
in the matrix during freezing. Obviously, the spacing factor is inverse proportional to the freeze-
thaw performance of concrete. 
The ASTM C457 provides two equations predicting the spacing of air voids in hardened concrete, 
given by Equation 1 and 2. According to the paste-air ratio, one of them should be used to conduct 
the calculation.           
      ?̅? =
𝑝
4𝑛
, (
𝑝
𝐴
≤ 4.342)                                                    (Eq. 1)     
      ?̅? =
3
𝛼
[1.4 (
𝑝
𝐴
+ 1)
1
3
− 1] , (
𝑝
𝐴
> 4.342)                      (Eq. 2) 
where p is volume fraction of paste, A is volume fraction of air voids, n is average number of air 
voids within a unit length of the traverse line, and α is specific surface of the air voids. However, 
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Powers and Wills pointed that these equation cannot provide a precise estimation of the actual 
spacing of air voids in concrete [1]. Indeed, it is suspected that the spacing factor obtained from 
ASTM C457 method overestimates the real spacing, since the assumption used for deviating the 
equations in ASTM C457 is not appropriate enough. Larson, Cady, and Malloy agreed that an 
equation derived by Philleo can be used to calculate the spacing more accurately, based on the 
information of size distribution of air voids [27]. Nonetheless, test results revealed that the new 
equation is still problematic in practice.  
To improve the accuracy of predicting the freeze-thaw resistance of concrete, Attiogbe 
reconsidered the model of air voids in concrete and derived a new equation to calculate the mean 
spacing of the voids. Taking geometric probability and stereological principles into considerations, 
he provided a single equation to calculate the new factor ?̅?, named mean spacing, which is more 
accurate in theory, given by Equation 3. [28].       
           ?̅? = 2
𝑝2
𝛼𝐴
                                           (Eq. 3)            
where p is volume fraction of paste, A is volume fraction of air voids, and α is specific surface of 
the air voids. Attiogbe believed that this equation was more accurate than the other equations 
mentioned previously and it was also more suitable for routine analysis method for air voids, like 
the ASTM C457. According to him, the new single equation, unlike Eq.2 provided by ASTM C457, 
considers the contribution made by large entrapped air voids for releasing the pressure build-up 
around them and the size and spacing of air voids specifically. Thus, one will get a smaller factor 
represents the spacing of air voids than the spacing factor in ASTM C457. Besides, it is claimed 
that extra measurements are not needed to separate entrained air and entrapped air during the test 
[28, 29].  
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The effectiveness of this parameter to evaluate the air-void system is studied below, expecting that 
this practice can be helpful for the further study of air voids in concrete or exploiting the thinking. 
In this study, mean spacing of CTL samples are calculated based on the parameters measured by 
the advanced flatbed scanner method, using the equation suggested by Attiogbe. A comparison 
between the two parameters for the same sample is given in Figure 5.13 and the table showing the 
original data can be found in Appendix C, Table C.5. The scatter plot contains 16 couples of data 
from group A, B, E and F, of the CTL sample. It is noticed that the mean spacing is proportional 
to spacing factor, while no larger than that for each couples. In addition, the two parameters 
generally obeys a linear relationship. Therefore, the characters of the meaning spacing are in a 
good agreement with Attiogbe’s suggestion. Though the relationship between spacing factor and 
the mean spacing is not perfectly linear in this case, it is found that the mean spacing parameter 
associates with the standard spacing factor apparently. 
 
Figure 5.13: Spacing factor vs. mean spacing. 
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However, the findings discussed above cannot treated as evidence that the mean spacing can be a 
better predictor of the air-void system in concrete. In other words, a linear relationship between 
mean spacing and spacing factor does not necessary suggest that the mean spacing is more reliable 
than the spacing factor. More evidence is needed to make this point clear. In the next chapter, these 
two parameters will be compared with a new finding proposed by the author and we will come 
back to discussed the relationship between them and their accuracies more thoroughly. 
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Chapter 6. Analyzing the 3-D Bubble Distribution in Hardened Concrete  
The mechanism of freeze-thaw attack has been studied by many researchers in the past seventy 
years. These years many new techniques have been applied into the air void measurements, such 
as (CT), Air Void Analyzer (AVA), and so on. However, the most widely used method to 
characterize the air-void system in harden concrete is the one specified by the ASTM C457. 
Although some techniques, like CT, can reveal the inner structure of hardened concrete precisely 
on a three-dimensional level, people turn to the one-dimensional ASTM C457 microscopic method 
in practice, partly because of the high costs for using those techniques for most of organizations 
and the equipment is also not easily accessible. From this perspective, the measurements are still 
limited to one dimensional. The time, expense, and expertise, are saved with a sacrifice of accuracy.  
In Chapter 5, results based on the two-dimensional measurements have been discussed. A better 
estimation of the volume faction of each phase in concrete is expected from the new results. The 
curves showing the size distribution and the distribution pattern of the two-dimensional protected 
paste seems very useful to analyze the air-void systems and their influence on the freeze-thaw 
performances of the specimens quantitatively.  
Noticing several significant limitations of the two-dimensional measurements for the evaluation 
work, the focus of this chapter is to further improve the evaluation to a three-dimensional level, 
based on the existing findings that have been discussed. The bases of this conversion involve 
stereological knowledge, statistic concepts, and the huge volume of data obtained from the two-
dimensional air-void analysis, all of which will be discussed in detail later. A model to predict the 
true three-dimensional distribution of the air voids is built and developed in this study. The quantity 
and sizes of air voids are characterized by calculated three-dimensional size distribution of air 
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voids, while the spatial distribution of them is achieved to be isotropic uniform random (IUR). A 
protective curve reflecting the degree of protection for paste can be generated based on the data 
yielded from this model. Results suggested by the protective curve of the test specimens basically 
agree with the parameters obtained from the ASTM C457 method, while a comparison between 
the two groups of results suggests that the ASTM C457 method is likely to underestimate the 
protection, which has been expected by the former analysis. Compared with the existing 
parameters, this method provide a perspective to evaluate the air-void system in hardened concrete 
on a higher level, and indicate the degree of protection of the paste accurately, continuously and 
straightforwardly.    
  
6.1 Technical justification for the conversion function  
Theoretically, the one-dimensional measurement of ASTM C457 method can make a good 
prediction of the air-void system in concrete, as long as the total traverse length is long enough. In 
ASTM C-457, the minimum area and the minimum length to be traversed is required, depending 
on maximum aggregate size in concrete specimens. For instance, a specimen with the largest 
aggregate size of 25 mm needs its traverse area bigger than 77 cm2 and minimum traverse length 
as 2413 mm [4]. Nonetheless, it has been found that even the same the sample processed following 
the ASTM C457 procedures gives out test results with considerable deviations. This fact is 
observed by both independent research works and interlaboratory tests [26]. 
It has been discussed previously that test results suggested the advanced flatbed scanner method 
can yield test results with very ultra-high precision. For the same sample subjected to this new test 
for multiple times, the output data of the volume fractions and the counting for air voids should be 
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highly in line with each other. In addition, the new test method can provide researchers much more 
information than the ASTM C457 method. Due to the dimensional differences between the two, 
the results from the new test method are essentially more valid than the old one. Despite this fact, 
the area covered during the flatbed scanner test method is much higher, which means a 
significantly improvement on the data volume. Note that a 50×50 mm area contains 9449×9449 
pixels. If the traverse line is drawn along a line that is one pixel wide. It has been mentioned that 
a concrete specimen with its maximum aggregate size as 25 mm requires a minimum traverse area 
of 77 cm2 and a minimum traverse length of 2413 mm. In this case, the ASTM C457 method 
covers 457875 pixels to meet the requirement, while the new method covers 89283601 pixels. In 
another word, the data volume is about 200 times more than the ASTM C457 method under the 
same experimental condition. 
The best way to evaluate air-void system in concrete is using the three-dimensional information. 
Till now, the best way to obtain this kind of information is using CT to get the sectional images of 
concrete specimens. However, there are many practical issues that impede the data acquisition, as 
described at the beginning of this chapter. Hence, it is a necessity to infer the three-dimensional 
structure of air voids based on other sources. Conversely, data from methods that are commonly 
used for air-void measurements are not suitable for the reconstruction of the air-void system. 
Neither the quality nor the quantity is good enough for this work. Due to the limitation on data 
volume and inherent defects of the one-dimensional or two dimensional data, it would be too risky 
to recover the three-dimensional air-void system based on them, i.e. results from the ASTM C457 
method. 
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Now that the two-dimensional spatial information of concrete can be obtained conveniently by the 
advanced flatbed scanner method, it is worth trying to infer the three-dimensional information of 
concrete based on the two-dimensional one. If it can be achieved, one can conduct analysis on the 
bubble distribution and its influence on the freeze-thaw durability easily and effectively, in terms 
of expense and time consumption. The prospects of this approach will be very promising and the 
applications are not limited in the air-void analysis. As long as the scanning area is big and clear 
enough, the data output from the advanced method should be representative. Having the data by 
hand, the next, and the most important, problem is how to convert them into three-dimensional 
structural information appropriately. To fulfill this goal, concepts of geometric probability and 
stereological principles are studied and introduced in this work to make predictions of air-void 
distributions on the three-dimensional level. The theoretical basis of this conversion will be 
discussed in the next section.      
 
6. 2 Inherent limitations of the two-dimensional analysis 
In the last chapter, it has been discussed that the size distribution of circles on the three-phase 
image can be obtained from the data output of the advanced flatbed scanner method. The result 
basically shows how the two-dimensional “air voids” are classified according to their sizes and the 
distribution pattern. The yielded curve is fairly useful for comparing the air voids distributions 
between different concrete specimens quantitatively. By interpreting that curve, one can make a 
rough estimation on the degree of protection of the concrete. If the total area of the small voids, 
especially the voids smaller than 150 μm, takes a relative large percent of the entire image, the 
concrete specimen is very like to take a good freeze-thaw performance in the ASTM C666 test. 
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However, the two-dimensional air-void distribution analysis is not suitable to present the actual 
size distribution. There are several concerns. One of the fundamental problems is the circles 
presented on the three-phase image cannot be treated as spheres in the paste and the two-
dimensional distribution is not proportional to that on three-dimensional level, since the sizes of 
circles in two dimension do not follow the one-to-one correspondence with the sizes of spheres in 
three dimension. In fact, a circle on a two-dimensional section can be attributed to spheres of 
different sizes. This is illustrated in Figure 6.1. A three-dimensional view of a section slicing three 
air voids with increasing sizes from left to right is given at the top of this figure. Its corresponding 
views from the top and the side are shown below. From the top, it can be seen that there are three 
identical circles located on the plane. From the side, however, one can find that the actual sizes of 
the three circles are not the same. Depending on the size of a sphere and how deep it embeds under 
the surface, the sphere varies itself in forms of different sizes of circles. The diameter of those 
circles ranges from zero to the diameter of the sphere, as a maximum. As a matter of fact, a circle 
presented on a two-dimensional plane is quite likely to come from a sphere that is much larger. 
Hence, one cannot determine the actual size of a sphere by measuring the circle appears on the 
surface without additional assistance. As a result, judging the sizes of individual air bubbles 
embedded in the paste from their appearances on a two-dimensional section is inherently 
problematic and misleading. It should be clarified that this fact does not mean that the concept of 
two-dimensional air-void distribution is not right. In a sense of statistic and probability, the 
distribution curves discussed in the last chapter do provide researchers useful information of air-
void distribution, which is comparable with each other, though they fail to reflect the real bubble 
distribution in concrete.  
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Figure 6.1: Illustration of the same two-dimensional circular sections belonged to  
   spheres of different sizes, under the top view and side view. 
A similar issue with the first one is air voids of the same size, but being cut at different points 
along its diametrical depth, as illustrated by Figure 6.2. As can be seen from the left to the right in 
the side view, air voids of the same size rise up gradually from the surface. As a result, the 
corresponding circles appeared on the surface from the top view show up with increasingly 
enlarged diameters. Hence, circles on a two-dimensional plane will come up with a wide range of 
dimensions even for a three-dimensional matrix contains many identical spheres.     
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Figure 6.2: Illustration of different two-dimensional circular sections belonged to  
  spheres of the same size, under the top view and side view. 
Another important issue is related to the determination of the protected area around the air voids 
in concrete. In the last chapter, the idea and potential applications of protected area on the three-
phase image have been discussed, along with the images showing the area of protection. It has 
been mentioned that 1-D and 2-D results have a great chance to mislead the evaluation so that the 
degree of protection for concrete should be more or less underestimated. Basically, there are two 
biases for the analysis of the protected area in three-phase images. The first one is an 
underestimation of the protected area around the air voids on two-dimensional images, as 
illustrated by Figure 6.3. Under the assumption that all the air voids in concrete only protect their 
surrounding paste within a certain range (typically, 200 μm), three cases are provided in the figure. 
The first one shows a sphere cut by the surface perfectly through its centroid, the second sphere 
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just touches the boundary slightly; and the surface of the last sphere does not intersect with the 
surface, but the surrounding space protected by it is intersected by the surface, which is called out-
of- plane protection. The first one shows a special case that the length of the protected range can 
be set as the assumed value, i.e. 200μm. However, this case only takes a very small change to 
happen in the entire three-phase image, in terms of probability. The method to calculate the 
probability will be discussed later in this chapter. More commonly, the air-void circles appeared 
on the three-phase image should have a much larger area being protected by the air voids. The 
arrangement of the second sphere in Figure 6.3 gives an example of this kind of cases. As the cross 
section gets farther from the centroid of the sphere, the protected range becomes increasingly larger, 
and the this range gets maximum when the sphere is tangent to the surface. Therefore, the protected 
area can be miscalculated by several times. As a conclusion, the protected area cannot be calculated 
based on two-dimensional distribution of air voids unless one can obtain the information of the 
distance between the centroid and the surface, and also the radius of the sphere.  
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Figure 6.3: Illustration of out-of-plane protected region, under the top view and side view. 
As the distance between the centroid and cross section becomes even longer, the paste in adjacent 
to the air void can be still protected by it, but there is no evidence indicating this kind protection 
on a two-dimensional surface. Since there is no way to locate air voids that provide the out-of-
plane protection based on the scanned images, the total area protected by air voids on the surface 
of concrete specimens will be further underestimated. An example for this issue is given by Figure 
6.4, which shows a magnified part of a two-dimensional protection map of a three-phase image. 
As described previously, Figure 6.4 is obtained by enlarging the boundary of the air voids in the 
original three-phase image directly based on the two-dimensional image. The maximum distance 
of the extension is a fixed value that is approximately 200 μm. The red areas in this image suggest 
the paste that is out of the 200-μm protection. The figure indicates that there are several parts in it 
are unprotected by air voids, but it is very possible that there are some out-of-plane protections 
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that make the unprotected areas safe from the freeze-thaw attack. In addition, the bias is not limited 
for the unprotected areas, but the areas that are protected are very likely to have a better freeze-
thaw resistance if the concrete specimen is analyzed from the three-dimensional level.  
 
Figure 6.4: A regional magnification of the protection map of a three-phase image. 
In this section, three kinds of biases generated from the two-dimensional graphical information are 
discussed. Unless all the air void is cut by the surface through their centroids, the two-dimensional 
analysis should be problematic, which leads to a significant underestimation of the freeze-thaw 
durability of concrete specimens. Since the extreme case mentioned above will never occur in 
practice, the degree of protection of the paste is always underestimated, for the analysis on the 
two-dimensional level. Those problems cannot be solved until the analysis uses a three-
dimensional perspective, which simulates the actual air-void distribution in concrete. If it can be 
achieved, all the problems mentioned in this section will be avoided inherently so that one can get 
a much better understanding of how the paste is protected, in a sense of spatial distribution. 
Therefore, developing a method to analyze the distribution on a three-dimensional level would be 
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meaningful for the research on concrete freeze-thaw durability. Compared with the ASTM C457 
analysis, the three-dimensional air-void analysis will make characterizations of the air-void 
distribution of concrete specimens easier and the results more accurate, if a model of the air-void 
distribution can be built appropriately. In the rest part of this chapter, the author will discuss a new 
method that can be used to conduct the three-dimensional analysis and some applications and 
findings of this method as well.      
 
6.3 Assumptions for the three-dimensional analysis  
In order to conduct the three-dimensional analysis, several assumptions need to be presented to 
serve as the basis of the analysis, while these assumptions are made upon conditions that they will 
not overly simplified the problem. In this study, it is assumed that all the bubbles (including 
entrained air and entrapped air) in the concrete are perfect spherical. Small voids are found to be 
more spherical in the specimens. However, shapes of the large spheres, in minor, vary to some 
extents and the boundaries of those spheres become more rough and irregular. The reason and the 
importance of this assumption will be further discussed in the next section.   
The influence of aggregates are not considered in this study as well. Due to the complexity of 
aggregates, the situation can vary greatly from case to case. For example, it is still not very clear 
that how the freeze-thaw durability of concrete is affected by the interfacial transitional zone (ITZ). 
In terms of air void, the ITZ does provide a void with its width ranging from 10 to 50 μm, which 
might make a contribution to improving the concrete freeze-thaw resistance. There are also 
evidences show that aggregates are not entirely solid and they can adsorb water into their bodies 
through small voids on their surfaces. Likely, it is very possible for aggregates to provide space 
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for the water during freeze-thaw circulations so that the pressure build-up can be released around 
them. An extreme case is the light weight aggregate (LWA). As a result of the high porosity of 
this kind of aggregates, they can release or adsorb water in concrete significantly. In such cases, 
the situation can be so complex that the ignorance of aggregate may lead to huge bias. However, 
common-type aggregates do not play a major role in freeze-thaw resistance. As a result, the effort 
of air-void analysis mainly focus on the role of air bubbles in the paste. In this study, the samples 
from group A, B, E, and F, do not contain the special aggregates mentioned above. Therefore, it is 
valid and appropriate to only focus on the air voids and the paste for the purpose of this study, 
though the roles of ITZ and LWA in the freeze-thaw performance of concrete are certainly worth 
investigating for certain types of concrete. 
It is also assumed that the effective range of the protection is 200 μm in this study. Though the 
actual protective range is closely related to the property of concrete, such as density, it is commonly 
presumed that it ranges from 200 to 250 μm for normal concrete. The reason for taking a fixed 
value for different air voids is that studies suggest the range is not determined by the size of air 
voids, but governed by the transporting property of the paste, which follows the Darcy’s law [1]. 
In fact, the center part of the air void is found to be vacant after water is frozen throughout the 
entire concrete under low temperatures [23, 24]. The ice is more likely to attach on the inner wall 
of the air void, in forms of a thin or thick layer. Evidence has been discussed in chapter 2, given 
by Figure 2.9. It is also suggested that air pressure makes a contribution to the formation of the 
void in the center of the ice shell [24].   
Another assumption is that all the air bubbles are distributed randomly in the entire matrix. Some 
observations suggest that this may not be the really case, since air bubbles have a tendency to 
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attach on the surface of the aggregates, as shown in Figure 6.5 (left). The grouping behavior of the 
air bubbles is also seen during the study. An example of this phenomenon is provided in Figure 
6.5 (right). The existence of these phenomena is possibly controlled by the surface tension of the 
bubbles when the concrete is still in the fresh stage, but exploring the mechanism of these 
behaviors is out of the scope of this study. 
  
Figure 6.5: Air bubbles attached on the surface of aggregates (left);  
grouping behavior of air voids (right). 
However, it should be stressed these phenomenon is not frequently seen in the samples provided 
by the CTLGroup and the other samples processed by the flatbed scanner previously in the lab 
study. Therefore, the assumption that air voids in paste matrix are distributed randomly should be 
valid on a large scale, while it is the author’s interests to include these phenomena into the 
modeling work in the future. A comparison between the two kinds of distributions should provide 
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people more insights on how the concrete freeze-thaw durability is influenced by the distribution 
of air bubbles.     
 
6.4 Theoretical basis of stereology and geometric probability 
In order to use the two-dimensional image data to recover the three-dimensional distribution of air 
voids, geometric probability and stereological concept are introduced into this research work. For 
the single circles on the two-dimensional three-phase image, it is impossible to make a judgment 
on their actual sizes and the centroid locations. However, the size distribution prediction becomes 
meaningful for the analysis if there are many circles presented on the two-dimensional image. In 
this case, it has been determined that the total number of air voids on the 50000×50000 μm area 
of the concrete specimens typically ranges from 10000 to 20000, and this number even goes up to 
30000 in a few cases. For such a big group of individual numbers, the distribution of air voids and 
the sizes of the circles appeared on the three-phase images have to follow the statistic rules so that 
the distribution is isotropic, uniform and random (IUR), in view of the entire three-phase 
image. Therefore, the goal of converting the two-dimensional distribution of air voids on the three-
phase image to the actual three-dimensional distribution becomes possible as long as the rule 
governing the relationship between the two can be obtained. 
For the success of the dimensional conversion, there are two aspects one need to considerate: 
geometry of the object of interests and the type of the intersection (e.g., by line, or by plane). For 
the first one, it has been clarified previously that all the air voids in the paste are assumed to be 
perfect spherical in this analysis. For the second, the air voids are obviously intersected by planar 
sections in the flatbed scanner method. Hence, each circle one the three-phase image is treated as 
64 
 
a perfect sphere being cut by a planar section at a random position on its body. The symmetric 
property of the sphere model greatly simplifies the three-dimensional analyzing work, since any 
section with a sphere produces only perfect circle on the two-dimensional plane. However, 
projections with different shapes will be observed on the plane, if the object is not perfectly 
spherical. For a non-spherical object, the shape on the two-dimensional plane keeps varying as the 
object rotates. A cube with its different projections is shown to illustrate this issue in Figure 6.6. 
It can been seen that the projections of the cube can vary greatly, depending on both of the 
rotational angel of the cube and depth of the section.        
 
Figure 6.6: A cube with different projections. 
Though analyzing the distribution of intercepts under the random intersection with a plane is the 
simplest case among all the shapes of basic geometric objects, the real distribution of spheres in a 
space is still very complex. Russ and his colleagues did many research and works related to this 
65 
 
kind of stereological issues in the past years. In his book, “Practical Stereology”, he used an entire 
section to discuss how to make the prediction of the distribution of spheres from the two-
dimensional data [30]. The distribution of the sizes of the spheres, such as diameters, is continuous, 
and this is also true for the case of the air voids in concrete. However, Russ recommends to classify 
all the sizes into several groups so that it would be easier to conduct the size distribution analysis. 
The practice that allocating all the spheres to their nearest size intervals has become a very common 
approach to conduct this kind of analyses. In the book written by Russ, a picture is used to illustrate 
the relationship between the radius of a sphere and the probability of each interval being 
intercepted. For a sphere, the size distribution of its circles can be expressed analytically, as shown 
in Figure 6.7. The mathematical expression of this distribution is provided by Russ as well, which 
is given in the upper left of this figure. It can be seen that the chance of being intercepted for a 
random cut is close to zero when the section is tangent with the sphere, and it becomes increasingly 
larger as the section approaching the centroid, and the frequency gets to its maximum at that point. 
The equation is further developed so that it can be used to calculate the probability of sections fall 
between two intervals, given in another paper [31]. The new equation is shown in Equation 4: 
   P(𝑟1 < 𝑟 < 𝑟2) =  
1
𝑅
 (√𝑅2 − 𝑟12 − √𝑅2 − 𝑟22)                            (Eq. 4) 
Where, R is the radius of the sphere, r1, r2 are the lower and higher limits of the slice, respectively. 
A work following this idea is recently published by Mayercsik et al. [32]. In this research work, a 
total of eleven intervals of the diameter of the sphere are selected so that the size distribution can 
be appropriately described, while the too many intervals will increase the difficulty and time length 
of the analysis. The intervals are: 10, 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 μm. 
The 10-μm one is specially chose, considering the fact that there are a huge number of air voids 
less than 20μm.      
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Figure 6.7: The distribution of planar intercepts through a sphere  
             and the equation governing this distribution [30]. 
If the size distribution of on a two-dimensional plane is presented in a histogram, data in that graph 
can be seen as a series of superposition of the circles with different sizes. Russ suggests a graphical 
approach to separate the mixed circles, and this process is named as “unfolding”. The idea is that 
the largest circles should only belong to the largest spheres that are intercepted by the section so 
that the distribution can be unfolded sequentially, i.e. from the largest one to the smallest one. At 
the beginning of the unfolding, the number of small circles that should belong to the largest spheres 
are deducted from the total numbers of the smaller circles, and this number is calculated based on 
Equation 4. After figuring out the number of circles comes from the largest spheres, this number 
will be taken out of the pool and the second largest ones will be unfolded in the same manner as 
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before. The unfolding practice will be repeated on a sequent order and stopped at the smallest 
circles when all the bigger circles have been unfolded so that all the circles have are reallocated, 
based on these probability concepts and the stereology knowledge introduced by Russ.   
In this study, a coefficient matrix is made to simplify the data process. Due to the intervals of the 
sizes are fixed values, the coefficients unfolding the numbers of two-dimensional circles to the 
actual numbers of spheres on the two-dimensional plane are fixed values as well. The coefficient 
matrix used in this analysis is given in Table 6.1. To conduct the unfolding of a set of the two-
dimensional statistic data, the input values of the total counts of the circles are multiplied with 
their corresponding probabilistic coefficients sequentially, with the protocol of reallocation 
described above. An example of the unfolding is provided in Table 6.2.    
Table 6.1: Matrix for unfolding the sphere size distribution for three-phase image. 
D 1000 900 800 700 600 500 
1000 0.4359 0 0 0 0 0 
900 0.1641 0.4581 0 0 0 0 
800 0.1141 0.1704 0.4841 0 0 0 
700 0.0859 0.1168 0.1773 0.5151 0 0 
600 0.0660 0.0861 0.1192 0.1848 0.5528 0 
500 0.0505 0.0643 0.0854 0.1208 0.1926 0.6000 
400 0.0374 0.0470 0.0610 0.0829 0.1207 0.2000 
300 0.0259 0.0322 0.0412 0.0548 0.0768 0.1165 
200 0.0152 0.0188 0.0239 0.0314 0.0432 0.0633 
100 0.0050 0.0061 0.0078 0.0102 0.0138 0.0200 
10 0.0001 0.0001 0.0001 0.0001 0.0001 0.0002 
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Table 6.1 (cont.) 
D 400 300 200 100 10 
1000 0 0 0 0 0 
900 0 0 0 0 0 
800 0 0 0 0 0 
700 0 0 0 0 0 
600 0 0 0 0 0 
500 0 0 0 0 0 
400 0.6614  0 0 0 0 
300 0.2046  0.7454  0 0 0 
200 0.1022  0.1975  0.8660  0 0 
100 0.0314  0.0566  0.1327  0.9950  0 
10 0.0003  0.0006  0.0013  0.0050  1.0000  
 
Table 6.2: Unfolding a group of two-dimensional data. 
 Diameter 1000 900 800 700 600 500 
Diameter 
           2D       
3D    
30  0  10  17  29  67  
1000 13 13 0 0 0 0 0 
900 5 5 0 0 0 0 0 
800 8 3 0 5 0 0 0 
700 14 3 0 2 9 0 0 
600 22 2 0 1 3 16 0 
500 51 2 0 1 2 6 40 
400 117 1 0 1 1 3 13 
300 279 1 0 0 1 2 8 
200 868 0 0 0 1 1 4 
100 6939 0 0 0 0 0 1 
10 16163 0 0 0 0 0 0 
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Table 6.2 (cont.) 
 Diameter 400 300 200 100 10 
Diameter 
              2D 
3D 
148 318 905 6829 16128 
1000 13 0 0 0 0 0 
900 5 0 0 0 0 0 
800 8 0 0 0 0 0 
700 14 0 0 0 0 0 
600 22 0 0 0 0 0 
500 51 0 0 0 0 0 
400 117 98 0 0 0 0 
300 279 30 237 0 0 0 
200 868 15 63 784 0 0 
100 6939 5 18 120 6795 0 
10 16163 0 0 1 34 16128 
 
Figure 6.7 suggests that the counts for circles large sizes increase and those of the smaller ones 
tend to reduce after the reallocation, while the total number of the circles should be the same. In 
other words, some of the smaller circles are attributed to the larger spheres through this reallocation. 
For instance, the count for 1000-μm circles goes up from 13 to 30 in Table 6.2, in which 5 circles 
come from 900-μm ones, 3 circles come from 800-μm ones, etc. Basically, the three-dimensional 
reallocation shifts the distribution of the circles to the side of larger sizes. A summary of the results 
of the reallocation for the four groups of samples from the CTLGroup is available in Appendix C, 
Table C.6. It can be found that the counts for 1000-μm circles are evidently larger than that for 
900-μm circles and the reason is that circles of diameters bigger than 950 μm are all attributed to 
the 1000-μm interval. It has been verified that this practice will not lead to a detectable bias, while 
it matters for the smaller circles.  
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6.5 Shifting 2D to 3D and modeling of the air distribution 
After obtaining the size distribution of spheres on a three-phase image, the three-dimensional 
distribution can be achieved by the method discussed above. Since the proportion relationships 
among the three volume fractions should always be the same and not easily affected by dimensions, 
the three kinds of analyzing methods (the ASTM C457 method, flatbed scanner method, and this 
three-dimensional conversion) should yield the same testing results of the volume fractions for the 
same concrete specimen, theoretically. Now that the detailed size distribution of all the spheres 
intersected on a three-phase image is available, one can calculate the total volume of those spheres 
easily. For the advanced flatbed scanner method, the two-dimensional volume fractions of air voids, 
the paste, and aggregates, can be also measured accurately. It has been verified that the results 
from this two-dimensional measurement are reliable and stable, and therefore, the three-
dimensional distribution of air voids can be equal to a series of duplications of the two-dimensional 
layer. In addition, one can also figure out the total volume of the air voids three-dimensionally, as 
the total volume of the space of interested, 500003 by μm, is already known. Dividing this three-
dimensional volume by the two-dimensional one, one can get a coefficient “n” indicating the 
number of “layers” that is needed for reconstructing the three dimensional size distribution of air 
voids based on the two dimensional distribution of the spheres. Thus, one can find out the total 
numbers of air voids in each category subsequently, in terms of size. The process of reconstructing 
the three-dimensional distribution is illustrated in Figure 6.8. Note that participants in this 
calculation are only the number counts of each kind of spheres intercepted by the plane, and the 
result of this reconstruction is also a series of number counts for those spheres. As for constructing 
the actual three-dimensional distribution, the location of each sphere will be determined in a way 
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so that the distribution is totally isotropic, uniform, and random. The modeling work to fulfill this 
function is achieved by a MatLab program written by the author.  
. 
Figure 6.8: Converting the size distribution from two dimension to three dimension. 
The MatLab program is written to model the three-dimensional air-void distribution in a cubic 
space. This model is actually a three-dimensional matrix with different numbers that indicates 
different materials in each unit space occupied by each element of this matrix, where “0” and “1” 
stand for the paste and air voids, respectively. In this model, the dimension is 10-times smaller 
than the actual size so that each element stands for a 103 space, by μm. Similarly, a 40003 space 
will be covered when the dimension of a model is 400. It should be also mentioned that the 
aggregates are not considered in this model, which means the model only contains air voids and 
the paste. Accordingly, relationship between air voids and the paste should be specially 
recalculated, considering the influence that the equivalent size of the three-phase image is reduced, 
since aggregates have been excluded. Typically, the aggregates in the CTL samples take about 65% 
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of the total area in the three-phase image. As a result, the new side length of the equivalent square 
reduces to around 17500 μm. If a full-size cubic model is made for analysis, the dimension should 
be 1750 in this case. However, constructing a full-size model is not a reasonable practice, for the 
huge amount of time is consumed in this process. For instead, some smaller models are made to 
conduct this analysis. A total number of three dimensions are tried in the modeling work, which 
are 300, 400, and 500. The result shows that the three kind of models yield outcomes that are very 
close to each other. For example, the maximum difference on the three-dimensional air-void 
fractions is less than 0.3%, which implies that those models are stable enough for the three-
dimensional air-void analysis. Detailed results regarding this issue will be discussed later in this 
chapter. The dimension of the model used in this study is chosen as 400 so that the time 
consumption to construct the model is kept in a reasonable range (about 3 hours), while the size 
of the model is not overly reduced, in order to gain more confidence on the representativeness of 
this modeling work. An example of the three-dimensional bubble distribution is given in Figure 
6.9, whereby one can trace the location of each single sphere from any angle.      
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Figure 6.9: Three-dimensional bubble distribution in a model. 
For the MatLab program, what one needs do is typing the calculated values of the numbers of each 
type of spheres and setting the dimension into the program at the beginning, and then, the program 
will construct the model and process the data automatically. Briefly, a three-dimensional matrix is 
built with all the elements equal to zero. Then, the program generates three coordinates randomly 
as the centroid of each sphere, and the size is assigned to this sphere as well. All the elements 
located within this range of the sphere are valued as “1”. This process keeps repeating itself until 
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all the spheres have been created in this matrix. For each time, a check is designed to make sure 
the new sphere does not overlay with any spheres that are already existed in the matrix, or another 
new sphere will be examined. This loop does not stop until a new sphere satisfies the condition 
mentioned above. After the model showing the three-dimensional distribution of the air voids is 
built successful, another model will be built, based on the existing one, to demonstrate the space 
protected by those air voids in a similar manner. The results are expressed both numerically and 
graphically. By comparing the subtle changes of different areas on them these images, one can 
study the variations of the air voids and the space being protected with the growth of the depth, 
and how the paste is protected by the air voids and the degree of protection in detail. The total 
number of the slices is determined by the dimension of the model. For a model that has a dimension 
of 400, a total number of 400 slices are generated, altogether with the other results of this program. 
As an illustration, a group of slices for the model built for sample E is given by Figure 6.10.          
    
(a)                                                                            (b) 
Figure 6.10 (cont. on next page) 
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Figure 6.10 (cont.)  
 
            
(c)                                                                            (d)
    
(e)                                                                            (f)  
Figure 6.10: Slice No.1, 11, 21, 31, 41, 51 for sample E, respectively. 
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Plenary images are one of the most important and intuitive ways to present physical properties of 
objects, even for three-dimensional objects. The six images shown in Figure 6.10 start with the 
first slice of the model and have the same interval of 10. In all these slices, air voids are represented 
by the area of green, and the paste protected by the air voids is colored by orange—the brightness 
of the orange reflects to which degree the paste is protected. The darkest orange suggests the areas 
that are closest to air voids around them and, therefore, under the best protection during freeze-
thaw attack. The brightest orange stands for the areas that locate at the boundaries of the range of 
protection, assuming that the range is 200 μm. The brightness of the areas in between of these two 
changes gradually brighter as it goes further from the boundaries of air voids. There are ten levels 
for the brightness in total and the width of each layer is 20 μm. The areas that are out of the range 
of protection are represented by red, while they are not commonly observed in the model, since 
almost all the paste is covered by the protective range of the air voids in this case. Note that a red 
area is only observed in the first image of Figure 6.10 among all the six slices. It can be seen from 
these slices that the boundaries of larger air voids change much slower than smaller ones, 
especially when a slice is intercepted with the middle part of the larger air voids.    
It has been discussed that one of the major flaw of the two-dimensional analysis is that it ignores 
the protection from the air voids located out of the section. This conjecture is proven to be true 
from the results of the three-dimensional analysis, which is illustrated by Figure 6.11. The upper 
images of this figure are three random slices obtained from the three-dimensional analysis, and the 
other three images at the bottom are created in a way that simulating the way to draw the protected 
area in the two-dimensional analysis. Note that the locations and sizes of the air voids are exactly 
the same between the two groups of images. If there is no green circle in the center for a series of 
orange circles in the slices from the thee-dimensional analysis, the area occupied by those orange 
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circles should be out-of-plane protected. It can be seen that the red areas (unprotected paste) in the 
second group are significantly larger than those in the first group, which suggests that the protected 
area is considerably underestimated by the two-dimensional analysis. A comparison of the two 
group of images indicates that the protected area is 30% lower than what it should be. Additionally, 
the degree of protection is underestimated in the two-dimensional analysis as well. This finding 
answer the question raise by Figure 6.4--the red areas in that figure are very possible to be actually 
protected. 
     
     
Figure 6.11: A comparison of the results two-dimensional and three-dimensional analyses. 
A problem of the model shown above is that the volume fraction of the air voids yielded form the 
model is always smaller than the input value, which is caused by the fact that some air voids are 
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cut by the boundaries of the model. Typically, the extent of the underestimation is about 0.5% for 
the models of a dimension of 400. Since the centroids of air voids are randomly set, considerable 
areas of the air voids can be cut off when the centroids are close to the boundaries. This issue is 
especially outstanding for larger air voids, such as the biggest air voids in Figure 6.10.  
Two approaches may fix this problem. The first one tries to introduce the concept of periodical 
boundary condition into this model, which can be understand as extending the miss parts of the 
circle at the corresponding sides of the image, as illustrated by Figure 6.12. Indeed, only one circle 
is drawn in the image at the left of Figure 6.12. Due to the continuity of its boundaries, the image 
can be duplicated so as to recover the real shape of the circle that is originally disintegrated. This 
approach can perfectly solve the problem of underestimating the fraction of air voids, since the 
missing parts of the air voids should appear on the image as well. However, it turns out that this 
approach can excessively prolong the modeling time by more than ten times, for the complicity of 
the algorithm to fulfill this function in MatLab. Therefore, the first approach is not accepted in the 
final model for the three-dimensional analysis. 
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Figure 6.12: An illustration of the periodical boundary condition.  
The second approach ensures any part of the larger voids does not excess the boundaries of the 
model, illustrated by Figure 6.13. In other words, the larger voids can only locate within the 
boundaries, or be tangent with them. Unlike this kind of partial random distribution, the smaller 
spheres are allowed to randomly distribute in the whole model, in order to minimize the influence 
induced by this approach. As the areas covered by the smaller voids are not considerable, it is the 
larger voids mainly contribute to the underestimation of the volume fraction of air voids. Note that 
the randomness of air voids is mainly governed by the distribution of the smaller voids. Test results 
suggests that this approach reduces the extent of the underestimation to less than 0.3%. Thus, this 
approach successfully controls the missing parts of air voids to an acceptable range, while still 
ensure the randomness of this model so that the air-void distribution can be basically seen as IUR. 
Attempts for examining the second approach suggests air voids that are greater than or equal to 
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250 μm should be considered for the modification. This approach is applied on all the models for 
the three-dimensional analysis discussed below.  
 
Figure 6.13: An illustration of the second approach.  
 
6.6 Three-dimensional space under the protection  
In the former chapter, a new way to interpret the three-phase image has been discussed. The 
concept is to find out the volumes of the paste located within certain ranges from the air voids in 
the three-phase image and plot a curve demonstrating the accumulation of percentage of paste 
being protected as a function of the distance from the boundary of the air voids.   
A similar concept is applied to conduct the three-dimensional analysis, so as to realize how the 
protected paste is distributed in the entire matrix. To be specifically, the distance from the paste to 
the surface of air voids are divided into ten categories, with a 20-micron increment, while the paste 
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that locates beyond the 200-micron range is seen as poorly protected. The results are collected 
from the results yielded by the MatLab program, processed by Excel so as to generate a table for 
each set of data, and also presented in forms of accumulative protective curve.  
It has been mentioned in the previous section the results yield by the model is only slightly affected 
by the dimension of it. This is confirmed by a comparison of the results from three models of three 
different dimensions, 300, 400, and 500, as shown in Figure 6.14. Detailed information of this 
comparison can be found in Appendix C, Table C.7. It can be seen that the three curves highly 
overlap with each other and only deviate slightly when the range goes beyond 140 μm. The 
maximum difference of the protected paste between the 500 one and the 300 one is approximately 
1.5% at 200 μm, but that between the 500 one and the 400 one is only 0.2%. Note that the ratios 
for the volumes presented by the three models are not 3:4:5, but is actually 33:43:53. In other words, 
volume of the model expends exponentially as its dimension becomes larger. Therefore, it is valid 
to conclude that the results of the model is affected by its size in a neglectable way, especially the 
size goes up to 400. 
The consistency of this model is also checked before the three-dimensionally analyses are 
conducted confidently for subsequent research works. In this check, a model with all the setting 
the same, such as dimension and number of air voids for each categories, is run independently for 
three times so as to yield three groups of results, which is listed in Appendix C, Table C.7. The 
results are also plotted below in Figure 6.15. Though the three curves are not totally the same (this 
can be expected as the acceptable variation, resulting from the randomness of the distribution), it 
can be concluded that they are very close so that the results are exceptionally consistent. 
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Figure 6.14: Influence of the dimension of the model.  
 
Figure 6.15: Check for the consistency for the model.  
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Gaining enough confidence about the validity of the Matlab model, the information of the three-
dimension air-void distributions of the CTL samples obtained in section 5.4 is input into the 
program so as to create the models for sample A, B, E, and F. As stated previously, the dimensions 
of all these models are 400. The four curves reflecting the variations of the paste under the 
protection in the three-dimensional space, as a function of the distance from the surface, are 
provided in Figure 6.16. The original numeric results provided by the models are given in Table 
6.3. The curve for sample F is significantly higher than the others, which indicates it is the best 
protected one among the four samples. The result suggests that 99.4% of the total volume of its 
paste is protected by the air voids. The sample E is at the second place and the sample A is the 
third, while sample B is least protected by the air voids. Taking 90% of the paste being protected 
as a standard to judge if the concrete is well-protected during freeze-thaw attack, all the four 
samples pass the line at the 200-μm distance, which is a widely accepted effective range of 
protection. Sample F meets this this target first, as early as at the point of about 135 μm; sample E 
achieves it at 160 μm; sample A and B reach the 90% line at approximately 176 μm and 190 μm, 
respectively. However, sample B will fail and sample A will just past the line if the standard is 
raised up to 95% of protection. Therefore, setting a standard for the percentage of the protected 
paste can be a new parameter to evaluate the air-void system in concrete. Combined with the curve 
indicating the variation of the three-dimensional protection, the new parameter is more accurate, 
flexible, and fundamentally correct than the old parameters and all the air-void analyses stay on 
one-dimensional or two-dimensional level. Though the new three-dimensional analysis 
fundamentally surpasses all the predecessors, more experiments are needed to help researchers 
decide what the standard (such as distance, percentage of protection, etc.) and the corresponding 
values should be used, in order to guide the new three-dimensional air-void analysis.   
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Figure 6.16: Protection for the paste in the CTL samples on the three-dimensional level.  
 
Table 6.3: Paste under the protection for the CTL samples, from a three-dimensional perspective. 
Range [µm] 
Protected paste [%] 
A B E F 
0 0.0  0.0  0.0  0.0  
20 7.4  5.5  6.3  8.3  
40 17.0  13.2  15.6  20.7  
60 28.5  23.0  27.8  36.7  
80 41.5  34.7  42.3  54.4  
100 54.7  47.3  57.3  70.8  
120 66.9  59.9  71.0  83.5  
140 77.4  71.3  82.1  91.9  
160 85.6  80.6  90.0  96.3  
180 91.4  87.7  94.8  98.5  
200 95.2  92.7  97.6  99.4  
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Compared with the two-dimensional protected curve interpreted form the three-phase image, the 
three-dimensional ones have similar trends in general. However, the prediction on the volume 
fraction of the protected paste is significantly more positive. It can be found that the degree of 
protection in Figure 6.16, compared with the plots in Figure 5.12, are evidently larger than their 
counterparts. As mentioned in section 5.2, the two-dimensional interpretation has several intrinsic 
flaws to predict the percentage and the degree of protection for the paste, and, therefore, the 
prediction based on this interpretation underestimates the protection excessively. Detailed 
comparisons of the curves for sample A, B, E, and F, are provide individually by Figure 6.17 to 
Figure 6.20. 
 
Figure 6.17: A comparison of the protective curves for sample A.  
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Figure 6.18: A comparison of the protective curves for sample B.  
 
Figure 6.19: A comparison of the protective curves for sample E.  
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Figure 6.20: A comparison of the protective curves for sample F. 
All the four figures above suggests that the three-dimensional interpretations always get a higher 
estimation on the volume fraction of the protected paste than the two-dimensional one, which has 
been expected based on the theoretical analysis from section 5.2. The range of the difference varies 
from 5% to 15% for the four samples. Interestingly, the two curves in each figure cross over with 
each other in the middle of the plots. Before the crossover points, the fraction of the protected paste 
from the three-dimensional analysis is lower. This fact may be mainly related to the essential 
difference on the spatial distributions for the two dimensions. Though the data input for the three-
dimensional model is originally from the measurements conducted on the two-dimensional level, 
it seems that the three-dimensional curve is rather independent from the two-dimensional curve 
and there is no easy way to predict the three-dimensional curve purely from the two dimensional 
curve by using mathematical equations.  
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For such a subtle and complex system like the air-void distribution in concrete, reconstructing the 
model and measuring the data directly from the model may be the most effective way to make the 
prediction among all the methods discussed above, since any oversimplification during the analysis 
may result in unpredictable deviations.  
A comparison of the results of several methods are given by Table 6.4. The values of air fraction 
and air-paste ratio are based on the data obtained two-dimensionally from the three-phase images. 
The concept of mean spacing is discussed at the end of chapter 4. The “3D Protection” is the 
percentage of paste under the protection at 200 μm from the surface of air voids. 
Table 6.4: A comparison of the test results discussed in this thesis. 
Sample 
Air 
 [%] 
Air-Paste  
Ratio 
Spacing Factor  
(ASTM C457)  
[in] 
Spacing Factor  
(Advanced Method)  
[in] 
Mean Spacing  
[in] 
3D 
Protection  
 [%] 
A 7.68 0.23 0.0080 0.0059 0.0041 95.2 
B 6.95 0.20 0.0063 0.0069 0.0057 92.7 
E 5.09 0.16 0.0059 0.0055 0.0047 97.6 
F 6.25 0.21 0.0044 0.0041 0.0031 99.4 
 
According to the two-dimensional measurement, the volume fraction of sample A and B are much 
higher than those of sample E and F. However, the evaluations suggest that sample E and F are 
actually better protected than A and B. This fact implies that the concrete has a high air content is 
not necessarily to be freeze-thaw durable. The fineness of the air voids and the evenness of the air-
void distribution may mainly govern the extent of pressure release when the water in concrete 
freezes, and the freeze-thaw resistance of the concrete, consequently. It is believed that the 
accuracy of the spacing factors obtained from the advanced flatbed scanner method is much more 
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representative than the ASTM C457 method. Due to the fact that the data volume contained in the 
advanced method is hundreds of times larger than the ASTM C457 method. The two group of 
spacing factors basically agree with each other, though there is a significant difference on the two 
spacing factors for sample A. The values of mean spacing is lower than their counterparts in the 
spacing factors obtained by the advance flatbed scanner method in general, but the reduction for 
sample A is about two times than the others, which is about 0.002 inch. In terms of sequence, the 
results from the three-dimensional analysis are in line with the spacing factors obtained from the 
advanced method. Nevertheless, there is no way to convert the two parameters reciprocally, to the 
author’s knowledge. As discussed previously, the results from the three-dimensional analysis of 
the distribution of the protected paste are based on the two-dimensional measurements, but should 
essentially surpass all the other results and have the highest accuracy. Compared with the other 
methods, the new three-dimensional analysis gives one the most intuition and comprehensible 
indicators to characterize the size-distribution of air voids, but also the in-depth analysis on the 
distribution of the paste that is under different degree of protection. 
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Chapter 7. Conclusions 
7.1 Conclusions 
Advances in the air-void analysis for hardened concrete have been provided by this study. The 
advances address protocols for preparing sample, techniques for acquiring images using a 
commercial flatbed scanner, and the use of color tone for image segmentation. A comparative 
study with regard to the air-void measurements between the standard ASTM C457 method and the 
new automated approach was conducted in this research. Test results support the use of the 
proposed flatbed scanner method and affirm the acceptable accuracy, advantages of speed, and 
ease of use of this approach using inexpensive commercial grade office flatbed scanners. It was 
found that the new method was sufficiently accurate to provide reliable and reproducible results. 
The idea of color segregation was also verified, especially for the coarse aggregate. The sensitivity 
analysis confirms the validity and stability of results yielded by the advanced method, which are 
reliable to characterize the air-void system automatically and statistically.  
This study has developed new ideas about one-dimensional, two-dimensional and three-
dimensional approaches for air void analysis. Study of the two-dimensional results obtained from 
the interpretation of the three-phase images shows that the sampling volume, compared with the 
linear traverse approach in the ASTM C457 method, can be effectively increased by hundreds of 
thousands times for the same specimen. The parameters specified by the ASTM C457 method can 
be calculated by the data gathered from a two-dimensional image, and much higher accuracy and 
less time consumption can be expected. The two-dimensional size distribution of the air voids on 
the three-phase image is obtained. This information can be presented in forms of distribution curve, 
which provide an easy, yet effective, way to conduct the characterization work for the air-void 
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system in hardened concrete. Based on the results mentioned above, a new proximity parameter 
called “protected paste” is proposed, which refers to the total percentage of paste that is under the 
protection from the air voids. It has been proven that paste located beyond a certain range was 
poorly protected and vulnerable during freeze-thaw cycles. Thus, the variation on the percentage 
of protection as a function of the distance from the surface of the air voids is plotted out as a curve 
to indicate the freeze-thaw performance of the tested specimen. Analyses suggest that this pattern 
can serve as a good predictor of the freeze-thaw durability of the concrete.     
This study developed a new approach for interpreting two-dimensional images with a three-
dimensional perspective. A three-dimensional model of air bubbles in space was developed to 
facilitate comparisons. With an understanding that both the one-dimensional and two-dimensional 
air-void analyses are inherently limited and have a tendency to underestimate the freeze-thaw 
durability of the concrete, improvements have been further extended to the three-dimensional level 
by a method proposed in this work. The three-dimensional model for the air-void distribution in 
paste was built using MatLab. Based on the two-dimensional statistics gathered from the three-
phase model, stereological principles and statistical concepts were introduced to establish a 
“conversion function” whereby the statistics can be used as input for the three-dimensional model 
so as to simulate a true three-dimensional air-void distribution in hardened paste. The primary 
result of the thee-dimensional analysis, protective curve of paste, reflects the degree of protection 
of paste, which is determined by proximity to the surface of nearby air voids. A comparison among 
one-dimensional measurements of the air-void system, such as used by the ASTM C457 test 
method, two-dimensional measurements, such as suggested by the use of flatbed scanner 
technology, and the new measurement confirms the fact that the protection is underestimated from 
the first two measurements, but also proves the three-dimensional one may offer a more 
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comprehensible predictor to characterize the size distribution of air voids and a more realistic sense 
of the degree of paste protected by the air-void system. This approach can serve as a good candidate 
for the research of the mechanics of freeze-thaw damage, and the new model may be a useful tool 
for utilizing scanned images for the three-dimensional analysis. 
 
7.2 Future works 
This study offers important advances for air-void analysis, but the new approaches have notable 
limitations that require future work. To further improve the accuracy and validity of the 
measurements, one should recognize these limitations and the potential biases that affect the 
analysis and results. Refinements of the following points may helpful for pushing the analysis of 
air-void system in hardened concrete forward. 
1. The accuracy of all analyses that are based on three-phase images is intrinsically restricted by 
the quality of the scanned image, in terms of resolution, contrast, and the area covered for each 
scan. The simplest and most direct way to improve all these aspects is to use a scanner with higher 
resolution. The highest resolution of the flatbed scanner used in this study is 4800 dpi (pixel width 
= 5.3 μm). If a higher resolution is achieved, the boundary of air voids and small voids can be 
better identified, or a larger area with the same resolution can be expected. Improving the polishing 
quality during sample preparation is another way to upgrade the image quality. The workmanship 
when using the phenolphthalein stain is vital to the success of the color segregation. 
2. The presence of lightweight aggregates in concrete make the analysis problematic and illustrates 
a general challenge with segmenting aggregate porosity. Concretes containing fly ash or silica 
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fume may be difficult to analyze, because they can change the color of the concrete dramatically. 
These problems may be solved with future development of image acquisition and image processing 
software. 
3. The role of aggregates for the freeze-thaw durability of concrete should be better taken into 
consideration. The interaction between water and aggregates during freezing is not well known at 
this time, and the role of ITZ around aggregates deserve future study in the context of frost damage. 
Since the voids space in the ITZ has width ranging from 10 to 50 μm, it is apparent that it may 
play a role for concrete freeze-thaw resistance. Aggregates themselves adsorb water, so it is 
possible for aggregates to either execrable problems or possible relieve problems related to 
pressure build-up during freezing. An extreme case to further consider is the concrete containing 
lightweight aggregate. 
4. The modeling of air voids in the three-dimensional space need to be further studied. Special 
three-dimensional issues arise when air bubble clump together in the microstructure, a 
phenomenon that is commonly observed. Air bubbles have a tendency to clump together near the 
surface of the aggregates, presumably under the influence of vibration during placement of fresh 
concrete. Such behavior invalidates the assumption that air voids are randomly distributed 
throughout the paste, yet this point has not been formally studied as it relates to air-void analysis 
and frost resistance. It is also assumed that all the air voids are perfect spherical in the model made 
for the three-dimensional analysis, but shapes of air voids are often irregular, particularly as size 
increases. A future study may consider alternative shape models for air bubbles, perhaps using 
ellipsoids rather than spherical assumption.   
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Appendix A: MatLab code for the ASTM C457 counting 
I=imread('*'); 
Result=[;;]; 
count=0; 
for h=100:100:9400; 
count=0; 
V(h)=0; 
P(h)=0; 
N(h)=0; 
A=9449; 
for i=1:A-1; 
X(i)=I(h,i); 
Y(i)=I(h,i+1); 
if X(i)>250; 
    V(h)=V(h)+1; 
end 
if X(i)>120 && X(i)<140; 
    P(h)=P(h)+1; 
end 
if X(i)>250 && X(i)-Y(i)>120; 
count=count+1; 
end 
end 
N(h)=count; 
X=[ V(h)*(50/9449/25.4);  
    P(h)*(50/9449/25.4);  
    N(h)]; 
Result=[Result,X];  
end 
xlswrite('*',Result','*'); 
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Appendix B: Scanned images and three-phase images 
     
Figure A.1: Scanned photo, A1.            Figure A.2: Three-phase image, A1. 
 
     
Figure A.3: Scanned photo, A2.            Figure A.4: Three-phase image, A2. 
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Figure A.5: Scanned photo, A3.            Figure A.6: Three-phase image, A3. 
 
     
Figure A.7: Scanned photo, A4.            Figure A.8: Three-phase image, A4. 
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Figure A.9: Scanned photo, B1.            Figure A.10: Three-phase image, B1. 
 
     
Figure A.11: Scanned photo, B2.            Figure A.12: Three-phase image, B2. 
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Figure A.13: Scanned photo, B3.           Figure A.14: Three-phase image, B3. 
 
     
Figure A.15: Scanned photo, B4.            Figure A.16: Three-phase image, B4. 
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Figure A.17: Scanned photo, C1.            Figure A.18: Three-phase image, C1. 
 
     
Figure A.19: Scanned photo, C2.            Figure A.20: Three-phase image, C2. 
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Figure A.21: Scanned photo, D1.            Figure A.22: Three-phase image, D1. 
 
     
Figure A.23: Scanned photo, D2.            Figure A.24: Three-phase image, D2. 
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Figure A.25: Scanned photo, E1.            Figure A.26: Three-phase image, E1. 
 
     
Figure A.27: Scanned photo, E2.            Figure A.28: Three-phase image, E2. 
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Figure A.29: Scanned photo, E3.            Figure A.30: Three-phase image, E3. 
 
     
Figure A.31: Scanned photo, E4.            Figure A.32: Three-phase image, E4. 
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Figure A.33: Scanned photo, F1.            Figure A.34: Three-phase image, F1. 
 
     
Figure A.35: Scanned photo, F2.           Figure A.36: Three-phase image, F2. 
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Figure A.37: Scanned photo, F3.            Figure A.38: Three-phase image, F3. 
 
     
Figure A.39: Scanned photo, F4.            Figure A.40: Three-phase image, F4. 
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Appendix C: Tables 
Table C.1: Test results of the air fraction. 
Sample Case 2-D Air Fraction [%] Averaged 2-D Air Fraction [%] 1-D Air Fraction [%] 
A 
1 6.71 
7.47 7.83 
2 8.68 
3 7.77 
4 6.74 
B 
1 6.41 
6.72 7.92 
2 7.92 
3 6.79 
4 5.77 
E 
1 6.37 
4.81 4.45 
2 3.36 
3 4.51 
4 4.99 
F 
1 5.68 
5.74 5.22 
2 8.08 
3 3.72 
4 5.47 
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Table C.2: Air-void distributions, group A, B, E and F.  
 
Diameter [µm] 
Accumulated area [%] 
A-1 A-2 A-3 A-4 A-1 B-2 B-3 B-4 
0 0 0 0 0 0 0 0 0 
50 5.75 3.87 8.93 6.79 10.31 6.89 10.88 11.66 
100 15.9 14.42 21.48 18.59 23.51 18.73 36.32 34.93 
200 33.58 29.87 37.6 37.08 38.94 34.6 52.43 49.84 
300 54.36 50.57 56.4 54.84 51.89 48.57 63.36 60.96 
400 71.16 67.59 72.72 70.37 62.29 60.63 70.44 68.97 
500 83.11 79.84 86.34 79.22 70.24 69.85 76.63 74.11 
600 88.18 88.48 93.13 86.42 75.55 76.5 81.77 78.52 
700 93.41 93.22 95.87 92.13 80.07 83.18 86.21 81.52 
800 96.14 95.57 98.1 95.06 85.09 87.03 89.86 84.37 
900 97.87 98 98.95 97.08 90.32 91.58 93.33 88.87 
1000 100 100 100 100 100 100 100 100 
Table C.2 (cont.) 
Diameter [µm] 
Accumulated area [%] 
E-1 E-2 E-3 E-4 F-1 F-2 F-3 F-4 
0 0 0 0 0 0 0 0 0 
50 14.14 17.41 16.72 7.79 20.75 20.45 21.43 24.53 
100 35.47 41.96 49.16 34.06 48.72 47.8 46.92 53.42 
200 55.53 63.78 71.1 61.4 63.01 62.97 58.6 66.29 
300 68.77 75.56 80.21 75.75 73.09 73.56 69.54 74.48 
400 76.59 81.99 85.45 84.08 79.78 81.28 78.22 81.57 
500 82.99 83.82 87.83 87.37 84.96 85.99 84.63 85.8 
600 85.17 86.45 88.9 89.43 87.88 88.85 89.13 88.44 
700 86.77 89.32 91.82 92.51 90.67 91.76 91.76 91.12 
800 90.64 91.19 94.87 95.07 92.75 94.3 93.67 92.29 
900 94.41 94.15 95.83 96 94.72 95.37 94.64 94.51 
1000 100 100 100 100 100 100 100 100 
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Table C.3: Averaged air-void distributions.  
Diameter [µm] 
Accumulated area [%] 
A B C D 
0 0.00 0.00 0.00 0.00 
50 6.33 9.93 14.01 21.79 
100 17.60 28.37 40.16 49.21 
200 34.53 43.95 62.95 62.72 
300 54.04 56.19 75.07 72.67 
400 70.46 65.58 82.03 80.22 
500 82.13 72.71 85.50 85.35 
600 89.05 78.09 87.49 88.58 
700 93.66 82.74 90.10 91.33 
800 96.22 86.59 92.94 93.25 
900 97.98 91.03 95.10 94.81 
1000 100.00 100.00 100.00 100.00 
 
Table C.4: Percentage of the paste under protection for each specimens of the four samples. 
Range  
[μm] 
A [%] B [%] 
1 2 3 4 1 2 3 4 
0 0 0 0 0 0 0 0 0 
21.2 7.69 13.37 6.72 10.26 9.41 8.58 9.70 6.54 
42.4 17.05 26.30 18.20 21.77 20.73 18.53 21.89 16.35 
63.6 26.73 38.22 30.75 33.31 32.39 28.65 34.97 27.12 
84.8 36.13 48.76 42.98 44.15 43.49 38.39 47.52 37.79 
106 44.83 57.85 54.07 53.85 53.56 47.39 58.73 47.70 
127.2 52.64 65.53 63.67 62.31 62.34 55.49 68.26 56.54 
148.4 59.53 71.92 71.73 69.52 69.79 62.64 76.04 64.16 
169.6 65.54 77.17 78.35 75.56 75.99 68.87 82.20 70.61 
190.8 70.74 81.48 83.61 80.57 81.07 74.18 86.98 75.97 
212 75.24 84.98 87.74 84.66 85.18 78.67 90.60 80.36 
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Table C.4 (cont.) 
Range  
[μm] 
C [%] D [%] 
1 2 3 4 1 2 3 4 
0 0 0 0 0 0 0 0 0 
21.2 14.28 8.85 11.68 11.15 12.18 19.16 13.11 14.58 
42.4 29.91 19.27 25.52 23.76 30.01 38.86 28.54 31.82 
63.6 44.42 30.10 39.54 36.47 48.34 56.35 43.35 48.01 
84.8 56.87 40.67 52.59 48.47 63.93 70.35 56.35 61.63 
106 67.00 50.46 63.93 59.19 75.69 80.69 67.12 72.28 
127.2 74.97 59.22 73.22 68.30 84.04 87.85 75.64 80.33 
148.4 81.11 66.84 80.52 75.77 89.68 92.57 82.20 86.22 
169.6 85.79 73.32 86.11 81.71 93.35 95.50 87.14 90.47 
190.8 89.32 78.72 90.26 86.36 95.69 97.30 90.78 93.46 
212 91.95 83.14 93.25 89.95 97.18 98.39 93.43 95.51 
 
Table C.5: Comparison between spacing factor and mean spacing.  
Sample Spacing factor [in] Mean Spacing [in] 
A-1 0.0059 0.0038 
A-2 0.0050 0.0030 
A-3 0.0058 0.0040 
A-4 0.0071 0.0056 
B-1 0.0064 0.0039 
B-2 0.0066 0.0045 
B-3 0.0071 0.0069 
B-4 0.0075 0.0075 
E-1 0.0049 0.0028 
E-2 0.0059 0.0063 
E-3 0.0054 0.0050 
E-4 0.0060 0.0047 
F-1 0.0024 0.0010 
F-2 0.0039 0.0023 
F-3 0.0050 0.0041 
F-4 0.0050 0.0049 
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Table C.6: A comparison of two-dimensional and three-dimensional 
planar size distributions of the CTL samples. 
Diameter 
A B E F 
2D 3D 2D 3D 2D 3D 2D 3D 
1000 5 11 22 50 10 24 13 30 
900 6 8 14 13 5 1 5 0 
800 11 18 15 15 9 12 8 10 
700 24 36 24 29 10 11 14 17 
600 51 73 38 49 11 10 22 28 
500 122 166 72 90 28 38 51 66 
400 267 288 146 146 82 94 117 129 
300 564 628 334 375 253 299 279 318 
200 1091 1060 951 980 1054 1133 868 905 
100 2927 2749 4361 4222 4810 4662 6939 6829 
10 6549 6534 9478 9456 10258 10234 16163 16128 
 
Table C.7: Data for the comparison of influences from different sizes  
of the model and the consistency. 
Range [µm] 
Protected paste [%] 
A-300 A-400 A-500 A-1 A-2 A-3 
0 0.0 0.0 0.0 0.0 0.0 0.0 
20 7.4 7.4 7.2 7.7 7.7 7.8 
40 16.9 17.0 16.7 17.8 17.7 17.8 
60 28.4 28.5 28.1 29.6 29.6 29.8 
80 41.1 41.5 41.0 42.7 42.6 43.0 
100 54.1 54.7 54.3 55.5 55.4 56.0 
120 66.1 66.9 66.8 67.1 67.2 67.7 
140 76.4 77.4 77.6 77.0 77.1 77.4 
160 84.3 85.6 85.8 84.5 84.8 84.7 
180 90.0 91.4 91.6 89.8 90.4 90.0 
200 93.8 95.2 95.4 93.4 94.2 93.6 
 
